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 SUMMARY 
Pharmacological levels of inorganic forms of copper (Cu) and zinc (Zn) are 
frequently used in diets for pigs to improve performance and control post-
weaning colibacillosis. However, the use of such forms and levels causes 
mineral accumulation in the soil, and is a non-sustainable practice from an 
environmental perspective. Alternatively, organic complexes of copper (Cu) 
and zinc (Zn) have been proposed to be more available to pigs, and when 
included at lower levels than inorganic sources of these minerals have 
significantly reduced mineral excretion in faeces without compromising 
performance. However the effect of these organic minerals fed 
simultaneously at low levels of inclusion has not been well studied. The 
general hypothesis tested in this thesis was that concentrations of Cu and Zn 
in faecal material would be reduced when fed in an organic (Bioplex
®) form 
without compromising performance or mineral homeostasis in 
growing/finishing pigs, in comparison to Cu and Zn fed in an inorganic 
(sulphate) form.    
 
Two experiments were performed to test this hypothesis: Experiment 1 was 
designed as a 2x2 factorial arrangement of treatments, with two mineral 
forms (Bioplex
® and Sulphate) and two inclusion levels (High and Low). The 
“low” levels aimed at providing 80 mg/kg of dietary Cu and Zn, and the “high” 
levels aimed at providing 160 mg/kg of dietary Cu and Zn. Experiment 2 was 
designed as a 3x2 factorial arrangement of treatments, with two mineral 
forms (Bioplex
® and Sulphate) and three inclusion levels (Low, Medium and Summary  iii
High). The “low” levels aimed at providing 25 mg/kg of Cu and 40 mg/kg of 
Zn, the “medium” levels aimed at providing 80 mg/kg of both Cu and Zn, and 
the “high” levels aimed at providing 160 mg/kg of both Cu and Zn in the diet. 
Unfortunately the Medium sulphate grower diet was contaminated with 
excess Zn while manufacturing, which led to the exclusion of this treatment 
from the study.   
 
In Experiment 1, pigs fed LB (Low Bioplex
®) or HS (High Sulphate) diets 
grew faster (P=0.014) and their carcasses were 3.5 kg heavier (P=0.020) 
than LS (Low Sulphate)- or HB (High Bioplex
®)-fed pigs. Pigs fed LB or HS 
diets had lower (P=0.001) levels of Zn in plasma, a higher (P=0.029) 
concentration of Zn in the pancreas and a lower (P=0.020) concentration of 
Zn in bone than pigs fed LS or HB diets. The concentration of Cu in liver 
increased (P=0.017) with the concentration in the diet as did Cu and Zn 
levels in faeces (P<0.001) without any difference between mineral forms. 
Feed conversion ratio (FCR) tended to be improved (P=0.062) by the 
inclusion of Bioplex
® in the diet. The inclusion of Bioplex
® reduced (P=0.003) 
subcutaneous fat depth at the P2 site by 2.2 mm compared to the sulphate. 
In Experiment 2, there was no difference (P>0.05) in growth rate between 
experimental diets, but again there was an overall improvement (P=0.012) in 
FCR when Bioplex
® were included. Blood and tissue Cu and Zn 
concentrations were within normal physiological ranges in all treatments, 
supporting a reduction of Cu and Zn levels in the diet. Only Zn level in 
plasma during the growing phase and Cu and Zn concentration in tissues 
increased (P<0.001) with the addition in the diet. None of the biomarkers of Summary  iv
Cu or Zn status analysed in the pigs showed any difference between the 
inorganic and the Bioplex
® forms. Copper and Zn concentrations in faecal 
material decreased (P<0.001) with their inclusion in the diet, and only in the 
finishing collection there was a further decrease of 10% in Zn faecal 
concentration when Bioplex
® was included instead of the sulphate at similar 
low levels. Carcass and meat quality measures were independent of the Cu 
and Zn form or level, however a higher proportion of carcasses from LB-fed 
pigs had <14 mm subcutaneous fat depth at the P2 site. The inclusion of 
Bioplex
® failed to have a significant effect on Cu excretion and its inclusion 
had an inconsistent effect on Zn excretion.  
 
The overall findings from this thesis partially supported the hypothesis that 
the inclusion of Bioplex
® would reduce the concentration of Cu and Zn in 
faeces compared to the inclusion of inorganic forms at similar inclusion 
levels. Nevertheless, total Cu and Zn levels in growing/finishing pig diets 
could be reduced from 160 mg/kg of both Cu and Zn to 30 mg/kg Cu and 60 
mg/kg Zn, in either the sulphate or the Bioplex
®  form, without negatively 
affecting performance or mineral homeostasis in the pigs and significantly 
reducing Cu and Zn excretion (between 50 and 80%). The advantage of 
including Bioplex
® instead of sulphates was in the improvement in FCR. 
Carcass and meat quality were independent of the form and level of dietary 
Cu and Zn. 
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 GENERAL  INTRODUCTION 
The use of pig manure has generally been considered as a source of 
nutrients for pastures and crops. With growing intensification of animal 
farming and the concentration of livestock such as pigs in specific 
geographical areas, however, manure is increasingly being viewed as a 
contaminant. Pig production in the world has increased approximately 160% 
in the last two decades (FAO, 2004) with high pig densities being found in 
European countries such as The Netherlands, Belgium and Denmark where 
the pig density is 14.4, 8.1 and 5.7 pigs/hectare, respectively. The state of 
North Carolina in United States also has a high density (4.2 pigs/hectare; 
Stalder  et al., 2004). These areas face a higher risk of environmental 
pollution from pig manure and, as a consequence, continued pig farming is 
under more pressure from government to meet strict environmental 
standards.  
 
Pig manure is an important source of minerals entering the environment, 
mainly as nitrogen (N), phosphorus (P), sodium, potassium, copper (Cu) and 
zinc (Zn). Of these, N and P are the most limiting nutrients for the application 
of manure on land because of their potential to contaminate ground and 
surface water. There is also increasing concern regarding Cu and Zn as they 
accumulate in the top layer of the soil. The main effect of these heavy metals 
is on microbial biomass and diversity of soil communities (ie, rhizobium, 
cyanobacteria, mycorrhizae, etc.), which have been found to decrease at 
concentrations above 37 mg Cu/kg and 127 mg Zn/kg in European soils General introduction  2
(McGrath et al., 1995). This adverse effect to the soil microbiota has potential 
to decrease soil fertility and reduce pasture and crop yields. Furthermore, the 
accumulation of Cu and Zn in soil has also become a hazard for ruminants 
that are susceptible to trace element poisoning. In Spain for example, the 
accumulation of Cu in livers from cattle grazing on land spread with pig 
manure has been observed (Lopez et al., 2000).  
 
A major contributing factor to higher levels of Cu and Zn in the environment is 
the supplementation of pig diets with growth-promoting levels of these 
minerals (Roof and Mahan, 1982; Hill et al., 2000) and, in the case of Zn, the 
control of post-weaning colibacillosis (Poulsen, 1995; Katouli et al., 1999). In 
turn, this causes a metal-enriched slurry. Slurry produced by 
growing/finishing pigs fed diets with a concentration of 100 mg/kg Cu DM 
contains between 700 and 800 mg Cu/kg DM (Jondreville et al ., 2002), and 
a dietary level of 100 – 250 mg Zn/kg produced a slurry with 850 to 1300 mg 
Zn/kg DM (Revy et al ., 2003). Other contributing factors to the excessive 
excretion of Cu and Zn include their low apparent absorption by pigs, which 
does not exceed 30% (NRC, 1998), the variable bioavailability between 
sources of minerals, and the interaction between minerals and indigestible 
compounds such as phytate in the diet.   
 
Sustainable pig production minimising environmental impact is now part of 
government legislation in many of the world’s pig producing countries. 
Strategies to reduce the excretion of minerals by pigs and enhance the 
overall efficiency of pig production include the use of phytase in diets, General introduction  3
meeting the pig’s mineral requirements better by more accurate feed 
ingredient evaluation, and the use of more bioavailable mineral sources. 
Banning the use of pharmacological inclusions of Cu and Zn in diets is the 
approach that some countries have enforced, even setting maximum 
allowable total mineral concentrations in pig feeds. However, the decrease in 
pig performance sometimes observed is of concern.  
 
Organic forms of Cu and Zn have been proposed as an alternative to 
inorganic sources in diets for pigs on the basis of their higher bioavailability 
(Apgar et al., 1995; Susaki et al., 1999), improvements in pig performance 
(Coffey et al., 1994; Zhou et al., 1994a; Veum et al., 1995), and reduction in 
faecal excretion (Smits and Henman, 2000; Mullan et al., 2002; Veum et al., 
2004). However, these benefits have not always been demonstrated and 
further research is needed to determine optimum inclusion levels in practical 
pig diets and their possible mode(s) of action.  
 
Consequently the purpose of the experiments described in this thesis was to 
significantly reduce the Cu and Zn concentration in faecal material from 
growing/finishing pigs, by including organic instead of inorganic forms of 
these minerals in the diet, while maintaining performance and a normal 
mineral status in the pigs. The general hypothesis tested was that 
concentrations of Cu and Zn in faecal material would be reduced when fed in 
an organic form without compromising performance or mineral status in 
growing/finishing pigs, because the organic forms of Cu and Zn are more 
available to the pig. Chapter 1: Literature Review  4
CHAPTER 1: LITERATURE REVIEW 
1.1 INTRODUCTION 
Since the 1950s copper (Cu) and zinc (Zn) have been acknowledged to be 
essential microminerals for the normal growth and health of animals, since 
their supplementation to diets stimulated appetite and growth, prevented or 
cured clinical signs of deficiency (ie, parakeratosis) and improved the mineral 
status of the animals (Smith et al., 1958; Shanklin et al., 1968). This was 
mainly explained by the numerous physiological and biochemical functions of 
these minerals as important constituents of many enzymes, such as 
ceruloplasmin, Cu-Zn Superoxide Dismutase and alkaline phosphatase. 
 
Later it was discovered that the inclusion of pharmacological levels of Zn 
reduced the incidence of post-weaning colibacillosis in pigs (Poulsen, 1995; 
cited by Case and Carlson, 2002), and that high dietary levels of Cu or Zn 
have a beneficial effect on growth rate in weanling and growing pigs (Roof 
and Mahan 1982; Hahn and Baker, 1993; Cromwell, et al., 1989; Mullan et al. 
2002). In some countries it is still common to use levels of 3000 mg/kg of Zn 
in weaner feeds as an effective tool to reduce colibacillosis and 250 mg/kg of 
Cu in grower feeds as a growth enhancer (Mateos et al., 2005a). However, 
increasing environmental concerns related to the continued use of high 
concentrations of Cu and Zn in pig diets is causing a re-examination of both 
the levels and forms of Cu and Zn. 
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This review of literature consists of seven sections. The first relates to an 
overview of mineral requirements for pigs and the methodology used to 
assess them and mineral allowances. The second section considers the 
environmental concerns of Cu and Zn supplementation in pig diets, current 
regulations of mineral dietary inclusions and studies where a reduction in 
excretion has been achieved. The third section describes the Cu and Zn 
content in feed ingredients, interactions between minerals and classes of 
organic minerals. The fourth and fifth sections of the review describe the 
functions and metabolism of Cu and Zn, evaluation of mineral status in 
animals, pig experiments involving the use of Cu and Zn as growth promoters 
as well as studies assessing bioavailability and apparent digestibility of 
inorganic and organic sources. The sixth section describes studies where Cu 
and Zn have been included simultaneously. The final part of this review 
relates to pig carcass and meat quality, specifically referring to studies where 
the effect of Cu supplementation has been studied.              
1.2  MINERAL REQUIREMENTS FOR PIGS 
Minerals are required by animals for maintenance, growth, reproduction, 
lactation and immune function; hence an accurate estimate of an animal’s 
daily mineral requirements is important. Limited supply of a mineral can 
cause deficiency which might compromise the normal functioning of other 
minerals because of their mutual interactions. On the other hand, excessive 
supply can cause a decrease in performance, toxicity and possible 
environmental pollution.     
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Pigs have a dietary requirement for macro minerals such as calcium (Ca), 
phosphorus (P), potassium (K) and sulfur (S), and micro minerals such as 
chromium (Cr), cobalt (Co), chloride (Cl), iodine (I), iron (Fe), magnesium 
(Mg), manganese (Mn), selenium (Se), copper (Cu) and zinc (Zn) (NRC, 
1998). They are all equally important as they are components of soft tissues 
and enzymes, and play an important role in the regulation of physiological 
and biological processes (i.e. copper is related to the synthesis of 
haemoglobin). 
 
The most scientifically accurate way to estimate the mineral requirements for 
pigs would be to develop mathematical models, which would take into 
account the pig’s body weight, its accretion rate of lean (protein) tissue, 
gender, and various environmental factors, as has been done for energy and 
amino acid requirements. Unfortunately there was not sufficient data in the 
literature for the NRC (1998) to develop an accurate model for mineral 
requirements in pigs at the time of its last publication (1998). Therefore, the 
last NRC publication of mineral requirements was done on empirical data 
derived from research studies for six weight classes of pigs: 3-5, 5-10, 10-20, 
20-50, 50-80 and 80-120 kg liveweight (Cromwell and Baer, 2005). However 
for practical purposes and since there is little variation in requirements 
between some classes only the micro mineral requirements for 3 groups of 
pigs have been presented in Table 1.1, together with earlier 
recommendations of ARC and NRC. It has also been suggested that the 
mineral requirements for today’s rapidly-growing pig genotypes may be 
higher than current recommendations, since most of the work relating to Chapter 1: Literature Review  7
mineral requirements was carried out in the 1960s and 1970s and only small 
changes have been addressed in the last review of NRC (Table 1.1) (Close, 
2002). 
 
Table 1.1: Pigs dietary requirement for trace elements (mg/kg)* (adapted from Close, 
2002). 
 
Body 
weight  
Piglet  
<20 kg 
Growing pig  
20-50 kg 
Finishing pig  
50-120 kg 
Source ARC
1 NRC
2 NRC
3 ARC
1 NRC
2 NRC
3 ARC
1 NRC
2 NRC
3
Zn  50 80  100  50 60 60 50 50 50 
Mn 16 3  4 16 2  2 16 2  2 
Fe 60  80  100 - 60  60 - 40  50 
Cu 4 5 6 4 4 4 4 3  3.5 
I  0.16 0.14 0.14 0.16 0.14 0.14 0.16 0.14 0.14 
Se 0.16  0.25  0.3  0.16  0.15 0.15 0.16 0.10 0.15 
* Values represent the highest value quoted.  
1 ARC (1981) per kg dry matter  
2 NRC (1988) 90% dry matter  
3 NRC (1998) 90% dry matter  
 
 
There are several factors that influence the mineral requirement of pigs that 
should be taken into account when formulating diets, which include the 
bioavailability of the mineral, the content of other minerals in the diet because 
of possible interactions between minerals, the content of phytic acid and the 
protein level and source (NRC, 1998). The NRC mineral requirements are 
based on dietary concentrations, not daily amounts of minerals, and therefore 
if animals do not consume the amount of feed predicted, higher percentages 
are needed to meet the requirements.   
 
The British Society of Animal Science (2003) has also set recommendations 
on the minimum quantities of microminerals to be added to pig diets, without 
taking into account those naturally occurring in feed ingredients (Table 1.2). 
The guidelines recognise the need to ensure pig health, welfare and Chapter 1: Literature Review  8
environmental protection and consider the widely differing effects of 
production circumstance. They assume the inclusion of inorganic minerals of 
acceptable high bioavailability (ie, ZnO, ZnSO4, CuSO4). 
  
Table 1.2: Mineral quantities to be added to pig diets (mg/kg) (BSAS, 2003). 
Mineral 
(mg/kg) 
Piglet 
10-30 kg 
Growing pig 
30-60 kg 
Finishing pig 
60-90 kg 
Finishing pig 
90-120 kg 
Zn 100  100 80  60 
Mn 30 30 25 25 
Fe  120  80 80 80 
Cu  6 6 6 6 
I  0.2 0.2 0.2 0.2 
Se 0.2 0.2 0.2 0.2 
 
In commercial practice, however, minerals are provided in pig diets at levels 
generally well above the “recommended requirements”, and these are called 
“allowances”. There is a wide variation in inclusion levels, some 2 to 3 times 
higher than that recommended by NRC (1998) and BSAS (2003) in pig diets 
in several countries of the European Union (Table 1.3). This is because for 
some minerals, requirements are poorly defined, factors that impact mineral 
requirements are not well characterised, a safety margin is applied to prevent 
any likelihood of deficiencies and also because of the possibility of genetic 
differences in mineral requirements among pigs (Spears, 1996). But there is 
recent evidence with breeding sows, for example, that high levels of 
inorganic minerals may actually be causing a decrease in productivity, 
attributed by Mahan (2005) to the pro-oxidant nature of some trace elements.  
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Table 1.3: Range of dietary mineral additions in several European countries (mg/kg) 
(Close, 2002). 
 
Mineral  
(mg/kg) 
Piglet  
<20 kg 
Growing pig 
20-50 kg 
Finishing pig 
50-120 kg 
Zn 100-200  100-200  70-150 
Mn 40-50  30-50  25-45 
Fe  80-175 80-150 65-110 
Cu 6-18  6-12 6-8 
I 0.2-1  0.2-1.5  0.2-1.5 
Se 0.2-0.3  0.15-0.3 0.2-0.3 
 
 
In conclusion, the published mineral requirements for pigs should be taken 
simply as a starting point to establish recommended allowances for pigs. 
Ultimately it would be best to develop pig models that accurately reflect the 
mineral requirements of modern pig genotypes in actual production systems 
throughout the world but this would require more research. Future research 
should involve balance studies to estimate the requirements for maintenance 
and for deposition of minerals in whole-body of several pig genotypes at 
different stages of growth.     
1.2.1  Determination of Cu and Zn requirements for pigs 
The assessment of mineral requirements is difficult and can vary with the 
type of diet used such as when it is purified (crystalline amino acid), 
semipurified (soy isolate) or complex (corn-soybean meal), because of the 
presence or absence of phytate and fiber, the diet composition and the 
mineral sources chosen (Wedekind, et al. 1992).  
 
There are two basic methodologies for assessing mineral requirements in 
pigs, which are the method based on maximisation of tissue stores (mostly 
used in the USA) and the balance method (used in European countries).  Chapter 1: Literature Review  10
Zinc is the mineral where most of the studies on mineral requirements have 
focused and therefore examples of this work are given in this section.   
Detailed information on these methodologies can be found in Wedekind et al. 
(1992); Wedekind et al., 1994), Ammerman (1995) and Poulsen and Larsen 
(1995) and a review on how the NRC (1998) standards for minerals were set 
in Cromwell and Baer (2005).  
1.2.1.1 Method based on maximisation of tissue stores 
The initial research on estimating the Cu and Zn requirement for pigs was 
conducted in 1950s and 60s and consisted of feeding graded levels of the 
mineral in the diet and measuring the response of pigs in growth rate, 
incidence of clinical signs of deficiency, tissue stores and enzymes. Most of 
these studies used mineral-depleted pigs and purified or semipurified diets 
(Smith et al., 1958; Miller et al., 1966; Shanklin et al., 1968; Liptrap et al., 
1970). 
 
Experiments in chickens have demonstrated that the bioavailability estimates 
determined among Zn sources differed substantially depending on whether 
the basal diet was purified, soy isolate or corn-soybean meal (Wedekind et 
al., 1994). Therefore, to get results which could be extrapolated to 
commercial practice, Wedekind et al. (1994) used a corn-soybean meal diet 
to estimate the mineral requirements of growing pigs and the bioavailability of 
two forms of Zn, using similar methodology to that used in a bioavailability 
study with chickens (Wedekind et al., 1992). In the pig study, these authors 
fed a diet supplemented with graded levels of ZnSO4 (0, 5, 10, 20, 40 and 80 
mg/kg of supplemental Zn) and measured the effect on Zn in plasma and Chapter 1: Literature Review  11
bone. A nonlinear regression procedure of SAS (1985) was used to 
determine breakpoints using a model involving two linear splines with no 
plateau wherein the dependent variable, bone or plasma Zn concentration, 
was regressed on supplemental Zn intake. They suggested the inflection 
point for bone and plasma Zn as an appropriate index of the Zn requirement 
for pigs, arguing that if bone Zn stores are maximised, which is the major site 
of Zn storage, growth and immune function would likewise be maximised. 
Their results indicated a Zn requirement of 50 mg/kg of diet for pigs in both 
the growing and finishing periods fed a practical corn-soybean meal diet 
containing 3.6 g phytate and 5.9 g Ca/kg. Inflection points were 50, 45, 46 
and 47 mg/kg of dietary Zn for coccygeal vertebrae, metacarpals, and 
plasma Zn (week 4 and 6), respectively. This Zn requirement of 50 mg/kg for 
growing/finishing pigs agrees with the set level by the NRC (1998). These 
authors also concluded that Zn requirements for pigs should consider the 
influence of Ca and phytate, which is known to influence the utilisation of Zn 
by pigs and can be taken into account by using molar ratios of (Ca x 
phytate):Zn or phytate:Zn, optimum ratios being <0.94 and <6.5 respectively 
for plasma and <1.6 and <11.3 for bone Zn.  
1.2.1.2 Balance or digestibility method  
Balance studies also involve feeding graded levels of a mineral source. Pigs 
need to be housed in stainless-steel metabolism crates where the chance of 
ingesting extra amounts of the mineral being tested is kept to an absolute 
minimum. Pigs are subject to balance periods where total faeces and urine 
are collected. Retention and absorption can be estimated (dependent Chapter 1: Literature Review  12
variables) and regressed on mineral daily dietary intake after determining the 
breakpoints (Poulsen and Larsen, 1995).  
 
Apparent absorption is defined as total intake minus total faecal excretion of 
the element (Ammerman, 1995). It is usually referred to as apparent 
digestibility and values are generally expressed as a percentage of intake. 
The difference between intake and excretion represents net disappearance 
of the element from the gastrointestinal tract and does not correct for the 
proportion of the element present in faeces that resulted either from abrasion 
of mucosal cells or from secretion of the element to the gastrointestinal tract. 
Apparent absorption is of limited value for elements such as Ca, P, Zn, Mn 
and Cu because the gastrointestinal tract is a major pathway of excretion 
(Ammerman, 1995).    
 
True absorption, on the other hand, corrects for that portion of the element 
which has been absorbed into the animal’s body and subsequently is 
excreted back into the gastrointestinal tract. This portion of the total faecal 
excretion can be designated as total endogenous faecal excretion. Therefore, 
true absorption represent total intake minus total faecal excretion from which 
total endogenous losses have been subtracted. The value for true absorption 
is a more valid estimate of the amount of a mineral presented to body tissues 
for metabolic purposes. Measurements of true mineral absorption can be 
estimated by the use of an appropriate radioisotope (Ammerman, 1995).  
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Net retention is defined as total intake minus total excretion (total faecal plus 
total urinary) of the mineral (Ammerman, 1995) and it is the most commonly 
used index in mineral balances (Poulsen and Larsen, 1995; Apgar and 
Kornegay, 1996; Revy et al., 2004) because of the risks involved with the use 
of radioisotopes. 
 
In  a balance study carried out by Poulsen and Larsen (1995) feeding diets 
supplemented with 0, 30, 60, 120 and 200 mg/kg dry matter ZnO to growing 
pigs, daily Zn retention reached a plateau at a supplementary dietary level of 
about 120 mg/kg ZnO, above which further supplementation did not result in 
increased net retention. This indicated that Zn requirement had already been 
met at this level when growing pigs were fed a barley, wheat and soybean-
meal-based diet. Therefore, the study reports that the dietary Zn requirement 
of growing pigs in those circumstances does not exceed about 30 mg/kg 
bioavailable Zn (ZnO was 20% bioavailable in this study). 
1.3 ENVIRONMENTAL  CONCERNS OF COPPER AND ZINC 
SUPPLEMENTATION 
Maximising pig performance is a major goal of animal nutritionists. This has 
been achieved, in part, by increasing the allowance of some minerals, 
particularly Cu and Zn, or by including them at pharmacological levels aiding 
in the control of some enteric diseases or as growth promoters after some 
studies showed an improvement in daily weight gain and/or feed conversion 
in pigs (Roof and Mahan 1982; Hill et al., 2001; Case and Carlson, 2002). 
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The common practice of using pharmacological levels of Cu and Zn in pig 
diets has resulted in excessive amounts of excretion of those minerals in 
faeces, as the apparent absorption of Cu and Zn does not exceed 30% of the 
intake (NRC, 1998). For example, an increase of 6.7 times in the 
concentration of Cu in the faeces was observed when finishing pigs were fed 
diets containing 218 versus 32 mg/kg Cu (Apgar and Kornegay, 1996) and 
up to a 16-fold increase when weaning pigs were fed a diet supplemented 
with 3000 mg/kg ZnO compared to 150 mg/kg (Case and Carlson, 2002).  
 
Increased faecal excretion of Cu and Zn may pose serious environmental 
problems in sensitive areas, because of the high concentration of these 
minerals in pig slurry. Its subsequent accumulation in the soil can adversely 
affect soil microbial activity (McGrath et al., 1995) and its contribution via 
leaching and runoff can cause eutrophication of groundwater and freshwater 
sources and subsequently increase concentrations in flora and fauna 
(Jongbloed and Henkens, 1996). Furthermore, there have been reports of 
chronic Cu poisoning in sheep grazing herbage treated with the liquid 
manure from pigs fed with Cu supplements, in both The Netherlands and in 
the USA (Underwood and Suttle, 1999). 
 
A study carried out in Spain showed a significant and positive correlation 
between hepatic Cu concentration in calves and density of young pigs in the 
region. In areas with the highest pig densities, more than 20% of the cattle 
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concentration of 150  mg/kg fresh weight. There was no evidence that Zn 
accumulation in calves was affected by pig density (Lopez et al., 2000).  
 
A couple of interesting French studies (Jondreville et al., 2002; Revy et al., 
2003; both adapted by Mateos et al., 2005b) estimating the soil 
contamination by Cu and Zn from pigs under different mineral 
supplementation regimes (A, B and C) indicated that a reduction in dietary 
Cu from 175 to 6 mg/kg in piglet feed and from 100 to 4 mg/kg in fattener 
feeds, would reduce the Cu concentration in slurry 29 times (Table 1.4). In 
the case of Zn, reducing the Zn content in piglet diets from 3000 to 100 
mg/kg and in fatteners from 150 to 60 mg/kg would reduce Zn excretion 4 
times (Table 1.4). In this way the number of years to reach the maximum 
levels allowed in French soils is increased by 40 and 5 in the case of Cu and 
Zn, respectively.    
 
Table 1.4: Estimation of soil contamination by Cu and Zn from pig slurry (adapted by 
Mateos  et al., (2005b) from Jondreville et al. (2002) and Revy et al. (2003), 
respectively).  
 
 A
1 B C 
Concentration  (mg/kg)    Cu Zn Cu Zn Cu Zn 
-  Piglets  6  100  175 2000 175 3000 
- Fatteners  4  60  35  100  100  150 
Cu/Zn  excreted        
-  g  Cu-Zn/pig  1  14 14 36 29 60 
- mg Cu-Zn/kg DM 
slurry 
31  450  443 1120 911 1860 
Time needed to reach 100 mg Cu/kg DM or 300 mg Zn/kg DM of soil
2 
-  Minimum  years  647 270 83 110 16  55 
- Maximum years  16024  1100  289  390  56  190 
1 Scenarios of Cu and Zn supplementation in pig diets.  
2 French maximum concentration of Cu and Zn in sludge-treated soils.
     
 
Increased environmental loading with minerals such as Cu and Zn has led to 
legislation in pig-dense countries like The Netherlands to limit spreading of Chapter 1: Literature Review  16
animal manure (Jongbloed and Henkens, 1996). Other countries like 
Canada, Japan and Denmark have taken a cautious approach and restricted 
the concentration of these minerals allowed in swine diets. More recently, the 
European Union (EU), under Commission Regulation 1334/2003, has 
enforced lower (non-pharmacological) levels of Cu and Zn in pig diets, which 
applied from 26 January 2004 (Table 1.5). 
 
Table 1.5: Maximum content of Cu and Zn in the complete feed (mg/kg) according to 
the European Union, under Commission Regulation (EC) No. 1334/2003 (Official 
Journal of the European Union, 2003). 
 
Mineral in the diet  
(mg/kg) 
Piglets up to 1 
week before 
weaning 
Piglets up to 12 
weeks 
Other pigs 
Zn 150  150  150 
Mn 150  150  150 
Fe 250  750  250 
Cu 170  170  25 
  
The dietary mineral levels allowed by the mentioned new legislation in the EU 
may result in a decrease in performance, thus an alternative approach needs 
to be investigated to keep within the EU regulations. Some studies have 
shown a higher mineral retention of organic minerals, such as Cu-lys in 
weanling pigs (Apgar et al. 1995), Zn amino acid chelate in growing pigs 
(Susaki et al. 1999) and Cu and Zn proteinates in weanling pigs (Schiavon et 
al., 2000), than inorganic forms. The replacement of 50% of the Cu, Zn, Fe 
and Mn sulphates in the premix by metal proteinates reduced significantly the 
concentration of Zn in faeces in the nursery phase (506 and 1267 mg/kg DM 
for organic and inorganic forms, respectively) and that of Cu in the growing 
phase (71 and 108 mg/kg DM for organic and inorganic forms, respectively) 
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sulphates at the same levels. Pigs fed the proteinates also gained weight 
more efficiently than pigs fed the trace minerals solely from inorganic 
sulphates in the nursery phase (Creech et al., 2004). Also a higher Cu 
retention was observed when Cu proteinate was included at 50 or 100 mg/kg 
instead of sulphate at 250 mg/kg in weaner diets (Veum et al., 2004). 
However, some studies comparing organic vs. inorganic forms at the same 
dietary levels, reported that the amount of Cu and Zn excreted seems to be 
reflective of dietary concentration and independent of the mineral source 
(inorganic or organic) (Apgar and Kornegay, 1996; Ahn et al, 1998; Case and 
Carlson, 2002; Carlson et al., 2004).  
 
Other studies have successfully reduced significantly the levels included in 
the diets by using organic mineral sources only, without adversely affecting 
the growth performance of pigs and greatly reducing the excretion of these 
minerals into the environment. In nursery pigs, by including 50 mg/kg as Cu 
proteinate (Bioplex
®), a reduction of 4.5-fold in the amount of Cu excreted 
was achieved compared to 250 mg/kg CuSO4 (Veum et al., 2004).  In the 
case of Zn, the reduction in faeces was 7-fold when feeding 200 mg/kg 
Boplex
® Zn instead of 2000 mg/kg ZnO (Carlson et al., 2004) and 5-fold less 
when feeding 100 or 250 mg/kg Bioplex
® Zn compared to 3000 mg/kg ZnO 
(Mullan et al. 2002). Similarly, in growing/finishing pigs, the dietary level of 
150 mg/kg CuSO4 could be reduced to 40 mg/kg Bioplex
® Cu thereby greatly 
reducing the faecal excretion of Cu by 3.5-fold (Smits and Henman, 2000).  
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In summary, high levels of inclusion of Cu and Zn in pig diets are not longer 
an option from an environmental perspective, therefore other strategies to 
maximise pig efficiency while minimising contamination are needed. There is 
evidence that organic forms might be an option, however recommendations 
on their optimum use are yet to be established.  
1.4 MINERALS 
Pig feed is commonly supplemented through the mineral premix with 
minerals for which pigs have demonstrated a nutritional requirement, due to 
the insufficient content of some of those minerals in the raw ingredients and 
the fact that a manufactured diet is the only source of minerals for those 
animals reared in confinement.  Minerals routinely included in trace mineral 
premixes for pig diets include Fe, Cu, Zn, Mn, Se and I, and many premixes 
also include Co and occasionally Cr and Mo (Mateos et al., 2005a) 
1.4.1  Copper and zinc content in feed ingredients 
Copper in the graminaceous species grains is low and normally around 3.9 
and 4.9 mg/kg DM. In leguminous and oilseed meals the Cu content is 
comparatively high and ranges from 15 – 35 mg/kg DM. Meat-meal and fish-
meal typically contain 5 – 15 mg/kg DM Cu (Underwood and Suttle, 1999). 
Furthermore, Cu in plant feedstuffs is only about 50% as available as that 
from animal ingredients, but Cu availability in cereal grains is up to 10 times 
greater than in forages (Mateos et al., 2005a). Water pipes can also 
contribute to Cu intake from drinking water (Mateos et al., 2005a).   
 
Zinc content of cereal grains and other seeds varies little among plant 
species but can vary greatly in accordance with soil Zn status. The Zn Chapter 1: Literature Review  19
concentrations of wheat, oats, barley, lupins, triticale, canola and millet 
generally lie between 30 and 40 mg/kg DM, with slightly lower values 
common in maize grain and in all cereals grown on low-Zn soils (Underwood 
and Suttle, 1999). In cereal grains the distribution of Zn is not homogenous 
and the external parts are richer than the internal part. As a consequence 
cereal by-products such as wheat middlings and gluten feed are good 
sources of Zn (60-90 mg/kg) (Mateos et al., 2005a).  
 
Protein sources such as soybean, sesame-seed, cotton-seed and groundnut 
meals, are invariably higher in Zn than the cereal grains, with concentrations 
of 50-70 mg/kg DM. Animal protein sources, such as meat-meal and fish-
meal, are mostly richer in Zn than plant protein supplements, containing 80-
120 mg/kg DM. Meat- and bone-meal containing a high proportion of bone 
can be rich in Zn, due to the relatively high Zn concentration in bone, 
although such material could supply sufficient Ca to reduce Zn absorption 
(Underwood and Suttle, 1999). Galvanised pipes might also enrich the water 
supply with Zn (Mateos et al., 2005a). A standard mineral-vitamin premix is 
normally used and it does not take ingredient composition into account.   
1.4.2  Interactions between minerals  
While little or no interference in the intestinal absorption of essential minerals 
is desirable, this is generally not the case. There are numerous antagonistic 
compounds in the diet that cause less than optimal absorption of many 
minerals. Also, certain minerals can interact with each other and mutually 
affect each other’s metabolism (Figure 1.1).   Chapter 1: Literature Review  20
 
Figure 1.1: Mineral interrelationships in animal metabolism (Ashmead, 1993). The 
arrows indicate antagonism between elements. For example Ca is antagonistic to Zn. 
 
 
There are different kinds of mineral interactions, as described by Ashmead 
(1993): 
•  Interactions which produce insoluble precipitates. Salts are generally 
soluble in the stomach at acidic pH. However, as the pH elevates in 
the intestines, the solubility is lost, and the metal tends to bind with an 
anion or ligand (Ashmead et al., 1985), for example an organic 
compound such as phytic acid or an inorganic compound such as 
phosphate. The same situation can occur between minerals such as 
Fe and P, forming the insoluble precipitate iron phosphate.  
•  Competition between ions for the active transport carriers from the 
lumen to the cytoplasm of the intestinal cells. Since the ions must bind 
with the carrier proteins in order to be absorbed, a physico-chemical 
competition between the cations for the active protein sites can result. 
A good example of this type of interaction is the case of Fe and Cu, as 
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for transferrin. In this case, the animal can display anaemia due to 
excessive dietary Cu intake  
•  Reduction in the capacity of body cells to synthesize metal-binding 
proteins, due to interferences produced by specific reactions to some 
non-essential heavy metals. For example, excessive amounts of Pb 
can result in lower production of haemoglobin.   
•  Replacement of a mineral by another metal in an enzyme for example, 
accelerating or blocking the activity of the enzyme. If Zn in the 
carboxypeptidase is replaced by Co, its activity will double. If Zn is 
replaced by Mn the enzymatic activity will be retarded. 
•  Transport and excretion of minerals in the intestinal mucosa cells. This 
occurs where specific interrelationships exist between metals 
promoting competition for specific transport mechanisms, replacing 
different metals at the same time. 
•  Interactions involving chain reactions consequential to the previous 
groups.  
1.4.3 Organic  minerals 
1.4.3.1 Definition 
In contrast to salts, where the metal is bound by electrovalency, organic 
minerals are in general minerals bound to organic ligands, usually a mixture 
of amino acids or small peptides (Acda and Chae, 2002). A ligand is a 
molecule containing an atom, which has a lone pair of electrons. In the 
process of chelation, the ligand acts as a chelating agent and encircles the 
metal atom to form a heterocyclic ring structure. That is, the metal atom is 
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group, nitrogen or sulphur of the amino acid or peptide. When such ligands 
bind to a metal ion via two or more donor atoms, the complex formed 
contains one or more heterocyclic rings and is called a “chelate” (Acda and 
Chae, 2002). Chelates may have four-, five-, six- or seven-membered rings 
but chelates with five-membered rings have the greatest stability (Graddon, 
1968; cited by Acda and Chae, 2002). 
1.4.3.2 Classes of organic minerals  
There are various categories of organic metals as defined by the Association 
of American Feed Control Officials (AAFCO, 2001; cited by Jondreville and 
Revy, 2003) such as: 
•  Metal amino acid chelate: is the product resulting from the reaction of 
a metal ion from a soluble salt with amino acids, with a molar ratio of 
one mole of metal to one to three moles of amino acids, to form 
coordinate covalent bonds (Figure 1.2). The average weight of the 
hydrolysed amino acids must be approximately 150 and the resultant 
molecular weight of the chelate must not exceed 800 (ie, copper 
amino acid chelate).  
•  Metal amino acid complex: is the product resulting from complexing a 
soluble metal salt with an amino acid(s) (ie, Availa-Zn 100, Cu-lys 
complex) (Figure 1.2). 
• Metal polysaccharide complex: is the product resulting from 
complexing of a soluble metal salt with a polysaccharide solution (ie, 
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•  Metal proteinate: is the product resulting from the chelation of a 
soluble salt with amino acids and/or partially hydrolysed protein (ie, 
Bioplex
® Cu, Bioplex
® Zn).  
 
 
 
 
Figure 1.2: Metal complexes and metal chelates (Jondreville and Revy 2003). 
 
 
The stability of the chelate, which is a logarithmic number that describes how 
tightly the metal ion is bound to the ligand, is also important. If the stability 
constant is optimal and its molecular weight is low, the amino acid chelate 
will be resistant to the action of the peptidases that break internal peptide 
bonds, due to the presence of the metal atom in the molecule. The amino 
acid chelate can then be absorbed from the small intestine, primarily from the 
jejunum, as an intact molecule as if it were a dipeptide, without requiring a 
carrier to transport the amino acid chelate through the mucosal cell 
(Ashmead, 1993) or by paracellular diffusion (non mediated component of Zn 
absorption) (Cousins, 1996). 
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1.5 COPPER 
1.5.1  Physiologic and metabolic functions of copper 
1.5.1.1 Physiologic functions of copper 
1.5.1.1.1 Cardiovascular  system 
The heart and major arteries are rich in connective tissue proteins, principally 
collagen and elastin. Under Cu deficiency, the major arteries show extensive 
fragmentation of the fibers, which cannot support the demands of a 
vigorously swelling and contracting aorta and lead to aneurysm and then to a 
full rupture. A deficiency not only impairs collagen crosslinking but alters the 
tissue specific type of collagen in the heart ventricle with enlargement of the 
heart muscle itself (Harris, 1997).  
1.5.1.1.2 Lung  tissue 
Lung tissue is especially sensitive to Cu deficiency, since elastin comprises 
8% of the dry weight of the lung. Ultrastructural modifications to bronchi, 
arterioles and alveolar ducts, are evident in animals feeding on a diet 
deficient in Cu (Harris, 1997).  
1.5.1.1.3 Bone  and  cartilage 
Bone and cartilage, also appear to depend on Cu, as low-Cu diets have been 
related to incidents of osteoporosis, fractures and epiphyseal separations in 
young domestic animals and pups. Some studies have shown a role of 
copper in bone formation, mineralisation and growth-plate integrity (Harris, 
1997, Underwood and Suttle, 1999).  
1.5.1.1.4 Hematopoietic system 
The nutritional interdependence of Fe and Cu is evident in the anaemia 
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completely understood, it has been suggested that ceruloplasmin activity is 
required to oxidise Fe (II) to Fe (III) preparatory and necessary for Fe to bind 
transferrin (Underwood and Suttle, 1999). In Cu deficiency, mucosal and liver 
tissues accumulate the Fe that under normal circumstances would be 
transported to hematopoietic tissue for haemoglobin synthesis (Harris, 1997).   
1.5.1.1.5  Immune system  
Copper seems to be involved in the functionality of T- and B-lymphocyte 
cells, the respiratory burst activity of macrophages, an index of phagocytotic 
“killing” activity, and the production of interleukin-2, which mediates the cell-
responsive defence of T-cells (Harris, 1997). 
1.5.1.1.6  Central nervous system 
The importance of Cu in the nervous system is linked to the activity of Cu 
dependent enzymes such as cytocrome c oxidase and peptidylglycine-
amidating monooxygenase (PAM). PAM is involved in the appetite-regulating 
hormones gastrin and cholecystokinin (Underwood and Suttle, 1999).     
1.5.1.1.7  Hair, wool and integument 
A deficiency in Cu causes skin, hair, fur, feathers and wool to lose colour and 
affects the pigmentation of the eye. The Cu-sensitive factor common to all 
these signs appears to be the enzyme tyrosinase, an essential enzyme in 
melanine biosynthesis (Harris, 1997; Underwood and Suttle, 1999).     
1.5.1.1.8 Lipid  synthesis 
Hypercholesterolemia occurs in all species that have inadequate amounts of 
Cu in the diet. Data reported first in rats and then in cattle have shown that 
Cu deficiency increases hepatic reduced glutathione (GSH) concentrations, 
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A (HMG-CoA) reductase, the cholesterol rate-controlling enzyme (Engle et 
al., 2000). Copper deficiency shifts fatty acid synthesis to products more 
unsaturated, mainly arachidonic acid (Harris, 1997). 
1.5.1.1.9  Angiogenesis   
Angiogenesis (neovascularisation) plays a profound role in diseases such as 
cancer, diabetes and arthritis. Copper complexes induce growth of new blood 
vessels. Although the mechanism is not well understood, collagenase from 
leukocytes is believed to be a fundamental factor in the induction 
mechanism. Since the invasive effect of tumours requires angiogenesis, a 
deficiency in Cu paradoxically can benefit tumour-bearing animals by 
depriving the Cu needed for tumour blood vessels to form (Harris, 1997).   
1.5.1.2 Biochemical functions of copper 
The essentiality of Cu in vital physiological processes has been recognised 
since the 19
th century mostly because approximately 12 enzymes depend on 
Cu for their functions. Signs of Cu deprivation such as connective tissue 
weakness, anaemia and loss of pigmentation have been linked with a 
cuproenzyme (Table 1.6). Copper is also a redox catalyst for a number of 
oxidases (Prohaska and Gybina, 2004). 
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Table 1.6. Some copper-dependent enzymes found in mammalian tissues
a, their 
functions and possible consequences of a marked reduction in activity (Underwood 
and Suttle, 1999). 
 
Enzyme Functions  Pathognomic  significance 
Ceruloplasmin
 b  Fe
2+→Fe
3+, hence Fe 
transport 
b 
Anaemia 
Cytochrome c 
oxidase 
Terminal electron 
transfer-respiratory 
chain 
Anoxia (neuronal 
degeneration; cardiac 
hypertrophy) 
Dopamine-β-
monoxygenase 
Catecholamine 
metabolism  
Behaviour? 
Lysil oxydase   Desmosine X-linkages in 
connective tissue 
Aortic rupture; joint 
disorders; osteoporosis 
Peptidylglycine α-
amidating 
monooxygenase 
Elaboration of numerous 
biogenic molecules, eg. 
Gastrin 
Appetite? 
Cu-Zn superoxide 
dismutase  
Dismutation of O2 to 
H2O2 
Lipid peroxidation 
Tyrtosinase  Tyrosine→ melanine  Depigmentation 
a Most of these enzymes or closely related molecules (ie, ceruloplasmin-like, intracellular, Cu transporters) are found 
in most tissues, though in varying concentrations and excesses, and variously supported by Cu-independent 
enzymes with overlapping (ie, MnSOD) or linked (ie, glutatione peroxidase) functions. Reductions in activity are 
therefore not invariably indicative of dysfunction. 
b Ceruloplasmin may also contribute to blood clotting and antioxidant defences.  
 
1.5.2  Evaluation of copper status in animals   
Measurements of plasma/serum Cu concentrations and ceruloplasmin are 
the most commonly used indicators of Cu status in humans and animals, but 
both are affected by several factors, such as infection and disease,  that are 
not directly related to Cu status or stores (Keen and Graham, 1989a; Milne, 
1998). Low plasma Cu and ceruloplasmin levels are reflective of severe Cu 
deficiency, although in cases of marginal deficiencies the results have been 
variable (Milne, 1998). Also, these biomarkers do not reflect the magnitude of 
Cu intake after the adequate Cu intake has been reached (Hambidge, 2003).  
    
Measurement of erythrocyte Cu-Zn superoxide dismutase (SOD) better 
reflects the functional Cu status of the animal (Keen and Graham, 1989) and 
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However, recent studies suggested that some conditions that produce 
oxidative stress tend to increase Cu-Zn SOD, even at low Cu intake (Milne, 
1998). According to Hambidge (2003) Cu-Zn SOD is reduced with more 
severe Cu restriction and confers no advantage over plasma Cu because of 
lack of adequate of sensitivity and specificity. The RBC-Cu content is a useful 
parameter to evaluate Cu status (Underwood and Suttle, 1999). 
 
Cytochrome c oxidase reflects early Cu deficiency and its activity in platelets 
correlates highly with Cu concentration in the liver, which is an established 
marker of Cu status in animals (Milne, 1998). However, the enzyme is fairly 
labile and there seems to be large variation between subjects (Milne, 1998).  
 
The activities of Cu-dependent enzymes seem to be more reflective of 
metabolically active Cu and stores and might be more sensitive to marginal 
Cu deficiencies. Some of the enzymes that merit more research are: plasma 
diamine oxidase (PAM) (Hambidge, 2003) and Cu chaperone for SOD (CCS) 
(Bertinato et al., 2003).  
1.5.3 Copper  metabolism 
1.5.3.1 Interactions of copper in the gut  
Cu absorption is affected by the presence of other minerals and compounds 
in the diet. For example, high levels of molybdate, sulphate, phytate, ascorbic 
acid, Zn and Cd have all been reported to reduce the bioavailability of dietary 
Cu (Cousins, 1985). Chelating agents such as amino acids and citrate 
enhance absorption while intestinal binding agents such as bile and fibre 
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1.5.3.1.1 Interaction zinc x copper 
This interaction is explained in detail in Section 1.6.3.1.2. (interaction zinc x 
copper). 
1.5.3.1.2  Interaction copper x iron  
Another well-recognised interaction is between Cu and Fe. Copper is 
necessary for the normal utilisation of Fe, as ceruloplasmin (a Cu dependent 
enzyme) has ferroxidase activity and it may be required for the incorporation 
of Fe from the liver into transferrin (Osaki and Johnsons, 1969; cited by 
Rincker et al., 2004) for its transport to extrahepatic tissues. There is also an 
indication that when Cu and Fe are administered in excess of animal 
requirements, they compete for binding sites on transferrin in the mucosa, 
with Cu being preferentially bound (Davis, 1980).  Bradley et al. (1983) 
observed a decrease in liver Fe content from a dietary Cu inclusion of 120 
mg/kg, which was supported by Carlson et al. (1996) who found suppressed 
levels of Fe in liver when weaning pigs were fed 250 mg/kg of CuSO4. Due to 
this well-known interaction, Stranks et al. (1988) (cited by Close, 2002), 
proposed that in diets containing 175 mg Cu/kg, the level of Fe should be 
increased to 200 mg/kg diet. 
1.5.3.1.3 Interaction  zinc x copper x iron 
High levels of Zn, by depressing Cu or by causing a Cu deficiency, would 
result in poor utilisation of Fe, with resulting anaemia (Davis, 1980). Data 
from a study of Hill et al. (2000) regarding the three-way interaction of Zn, Cu 
and Fe at pharmacological levels of Zn and Cu showed that if Cu is fed in 
adequate concentrations to weanling pigs (25 mg/kg), regardless of the Zn 
concentration, plasma Fe concentrations will be higher than with 
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in weanling pigs, an excess of Cu in the diet reduces Fe reserves in the liver 
which may lead to anaemia. Therefore when high levels of Cu are used in 
weanling diets, an excess of Fe (up to 250 mg/kg) in the feed is 
recommended (Bradley et al., 1983).  
     
Other studies also confirm the Zn x Cu x Fe interactions by demonstrating 
that the addition of Zn and Fe counteracts the effect of high Cu levels in the 
diet, apparently through reduction of absorption since accumulation of Cu in 
the liver is sharply reduced when Zn and Fe are added with the Cu to the 
diet. There is good evidence that this interaction in Zn x Cu x Fe in 
absorption from the gastrointestinal tract is primarily a competition for binding 
sites on transferrin and the metallothioneins (Davis, 1980). 
1.5.3.1.4  Interaction copper x molybdenum x sulphur 
This interaction between Cu x Mo x S is particularly important in ruminants. 
An excess of Mo reduces the retention of Cu in the body, high levels of S in 
the diet resulting in the formation of insoluble Cu-Mo-S. Therefore, when 
pharmacological levels of Cu are used in pigs, it is advisable to include Mo 
and a source of additional S in the premix (Mateos et al., 2005b). 
1.5.3.2 Absorption of copper 
Most Cu in the diet is bound to organic compounds. Absorption begins within 
the acidic environment of the stomach, its secretions dissociating the bound 
Cu, permitting small amounts to diffuse through the stomach lining. However, 
the largest amount of Cu passes into the duodenum and ileum, which are the 
major sites of absorption (Linder, 1996; Harris, 1997). As in the case of Zn, 
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the intestine works against solubility, therefore Cu must complex with amino 
acids, organic acids or other chelators to remain soluble (Harris, 1997).  
 
Absorption of Cu is a two-step process involving uptake into mucosal cells by 
crossing the brush-border membrane and then transfer across the 
basolateral membrane for entry into blood and internal tissues. Brush-border 
membrane uptake has been suggested to be via non-mediated diffusion, 
while serosal transfer is mainly via an energy-dependent saturable carrier 
(Linder, 1996; Harris, 1997). Within the intestinal mucosa cell, transfer of Cu 
into the portal circulation may in part be regulated by intracellular MT 
concentrations (Cousins, 1985), which as mentioned previously, have an 
inverse correlation to Cu absorption.  
1.5.3.3 Transport of copper 
After being absorbed by the intestine, Cu is transported and distributed in two 
phases. The first phase involves transfer to liver and kidney by transcuprein, 
which exchanges Cu with albumin and aids uptake by hepatic cells. Within 
the hepatocyte Cu is distributed among four pools: the biliary pool, for 
resecretion of excess Cu into the intestine; the ceruloplasmin pool, for 
transport of Cu in plasma; the Cu incorporated into metalloenzymes; and the 
Cu complexed to either low-molecular-weigh ligands or MT (Ken and 
Graham, 1989a).  The second phase of Cu distribution, involves transfer from 
liver to most other parts of the body by ceruloplasmin (Linder, 1996), which 
has ferroxidase activity that is critical for iron metabolism (Davis, 1980; Peña 
et al., 1999).  
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In an excellent review by Prohaska and Gybina (2004), the intracellular Cu 
transporters are described in detail. In summary, Cu is transported into the 
cell by the protein Ctr1 and rapidly bound to intracellular Cu chaperone 
proteins such as: Atox1, which delivers Cu to the secretory pathway and 
docks with either Cu-transporting ATPase ATP7B in the liver or ATP7A in 
other cells, such as neurons and astrocytes. ATP7B directs Cu to plasma 
ceruloplasmin or to biliary excretion in conjunction with Murr1 chaperone. 
ATP7A directs Cu to cuproenzymes such as PAM. Therefore, recently 
absorbed Cu enters the liver and leaves as ceruloplasmin or is excreted in 
bile. Other chaperones that have been recognised include: CCS which 
delivers Cu in the cytoplasm and intermitochondrial space to Cu-Zn SOD and 
Cox17 which transports Cu to mitocondria to cytochrome c oxidase. Other 
chaperones might exist and include MT and amyloid precursor protein (APP) 
(Figure 1.7). 
 
 
Figure 1.7: Copper transport in hepatocytes, neuron and astrocytes (Prohaska and 
Gybina (2004). Cuproenzymes (rectangles) are dependant on Cu chaperones (ellipses) and 
Cu-transporting ATPases (ATP7A and ATP7B) for the delivery of imported Cu to 
biosynthesis and metal-transfer sites. Chaperones and ATPases, which normally reside in 
the transgolgi network (TGN) are also necessary for the transport of Cu to the bile 
(hepatocytes) or the plasma membrane for Cu efflux from the cell (neurons and astrosytes).  Chapter 1: Literature Review  33
1.5.3.4 Storage of copper 
In general, Cu cannot be considered a metal that is stored. Copper 
homeostasis is maintained mainly by biliary excretion from the body (Peña et 
al., 1999). Nevertheless, cells in most or all tissues are equipped to 
temporally sequester the excess in the form of Cu MT, especially in the liver 
and kidney (Linder, 1996).   
1.5.3.5 Excretion of copper 
Adjustment to fluctuations in Cu supply is achieved predominantly by hepatic 
storage and biliary Cu secretion (Harris, 1997). In animals and humans, little 
copper is excreted via the urine, and the bile is the major route of excretion 
although some Cu is released into the gastrointestinal tract with saliva and 
gastric, intestinal and pancreatic juices (Linder, 1996). Recently the intestine 
mucosal cells have been identified as another site of Cu regulation, in 
humans. At excessive high Cu intake, the amount of Cu absorbed is still high 
but some is sequestered by intestinal cells preventing the body from being 
overloading with Cu (Turnlund et al., 2003).   
1.5.3.6 Copper kinetics 
Cu kinetics studies in humans and animals are scarce. In humans, the 
presence of at least two Cu compartments that turnover at different rates, 
have been discovered. The fast pool turns over in about 19-20 days and the 
slow compartment at a much slower rate. In rats, also two compartments 
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1.5.4  Copper as a growth promoter in diets for pigs 
Since 1955, when Barber et al. (cited by Zoubek et al., 1975) showed that 
levels of 250 mg/kg of Cu improved gain weight and feed conversion ratio 
(FCR) of growing pigs, its growth promoting effect was confirmed by others 
such as Roof and Mahan (1982) and Cromwell et al. (1989) and became a 
normal practice in the pig industry. 
1.5.4.1 Inorganic copper sources 
Comparing the effect of feeding the sulphate and oxide forms of Cu to 
weaned pigs, Cromwell et al. (1989) found that the inclusion of CuO failed to 
influence performance in weanling pigs, suggesting that it is largely 
unavailable and ineffective as a growth promotant. In contrast, the inclusion 
of 250 mg/kg of CuSO4 improved growth rate between 24 to 39% and the 
efficiency of feed utilisation between 11 to 21%. The magnitude of 
improvement was diminished when Cu was increased to 375 mg/kg and was 
completely lost when the diet Cu level was increased to 500 mg/kg 
(Cromwell, et al., 1989). This agrees with Roof and Mahan’s (1982) findings 
using similar Cu levels, also in weanling pigs. Coffey et al. (1994) on the 
other hand, demonstrated that 100 mg/kg CuSO4 was as effective as, and in 
one of 5 experiments more effective than 200 mg/kg CuSO4  in improving 
growth rate, feed intake and feed efficiency in weanling pigs.       
 
Contrarily, according to Filgueiras et al. (1998), the inclusion of 400 mg/kg 
CuO resulted in the greatest weight gain in weanling pigs over the same level 
of CuSO4, even though the bioavailability of CuSO4 was 58% compared to 
47% for CuO. Armstrong et al. (2000) revealed no effect of supplementing Chapter 1: Literature Review  35
weaner diets with 66 or 250 mg/kg CuSO4 on growth performance, although 
there were differences in feed intake.      
 
In growing pigs, although the study of Bradley et al. (1983) did not show any 
improvement in growth by feeding total dietary levels of 7.5, 15, 30, 60, 120 
or 240 mg/kg CuSO4, and Stansbury et al. (1990) found that pigs fed diets 
supplemented with 125 mg/kg CuSO4 grew faster than those fed the control; 
in most studies 250 mg/kg CuSO4 has been shown to be optimum for growth 
promotion (Bunch et al., 1961; Hawbaker et al., 1961; Kline et al., 1971; cited 
by Standsbury et al., 1990).  
1.5.4.1.1  Mechanism of action of pharmacological levels of copper  
The mechanism behind the growth promoting effect of pharmacological 
levels of Cu is not well understood. Some of the suggested hypotheses are:  
•  The antimicrobial action of high inclusion levels of CuSO4 on the 
intestinal microflora reduces turnover of the intestinal cells and leaves 
more nutrients available for absorption by the pig (Fuller et al., 1960, 
cited by Carlson, 2000).  
•  An increase in villous width and crypt depth, which may be related to a 
faster cell turnover rate, perhaps via an interaction with the gut 
microflora (Shurson et al., 1990). 
•  Enhanced feed intake (Kornegay et al., 1989; cited by Zhou et al., 
1994a), which is also supported by the fact that injecting Cu stimulates 
the secretion of neuropeptide Y (Pau et al., 1986; cited by Zhou et al., 
1994a), which is a known feed intake stimulant for pigs.  Chapter 1: Literature Review  36
•  Copper enhances growth through a systemic effect. This conclusion 
was made by Zhou et al. (1994b) when it was examined whether Cu 
could exert its growth promoting effect when injected, rather than 
consumed orally, thus bypassing the gastrointestinal tract. Similar 
performance and Cu liver levels were reported in pigs injected with 
growth stimulating level of Cu compared to pigs receiving 250 mg/kg 
of Cu in their diet, confirming the systemic growth-promoting action of 
Cu.  
1.5.4.2 Organic copper sources 
If a systemic effect is the more likely mode of action for enhanced growth, 
then the aim for an effective growth promotion effect of Cu is to find ways to 
improve the efficacy of delivering Cu into the circulation. This may be 
accomplished by the addition of chelates.  
 
The inclusion of copper lysine (Cu-lys) in weaner diets improved ADG and FI 
at 15 and 200 mg/kg (Zhou et al., 1994a) and 50, 100 and 200 mg/kg (Coffey 
et al. 1994), compared to similar levels in the form of CuSO4; suggesting that 
increased feed intake accounted for most of the growth improvement. In 
Coffey et al’s. (1994) study, 100 mg/kg Cu-lys was as effective as, and in 
some cases more effective than 200 mg/kg Cu-lys.  However, in other 
studies using the Cu-lys complex (van Heugten and Coffey, 1992; Apgar et 
al., 1995), Cu methionine (Cu-met) (Bunch et al., 1965), or Cu complexed to 
Pacific kelp (Stansbury et al., 1990), no differences between the Cu sources 
were observed in performance of weanling pigs (Table 1.7). In finishing pigs, 
average daily gain was higher for pigs fed Cu-lys than for those fed CuSO4,  Chapter 1: Literature Review  37
Table 1.7: Growth promoting effect of several organic sources of Cu as compared to 
CuSO4 (Jondreville and Revy, 2003). 
 
Added Cu  (mg/kg)
 1  Reference BW 
(kg)   Sulphate Source 
Growth 
rate
5 
Feed/ 
Gain
5 
Copper lysine complex
2 
Coffey et al., 1994  8 - 17  100 (NS) 
200 (NS) 
100 (NS) 
200 (NS) 
= 
= 
= 
= 
Coffey et al., 1994  8 - 17  100 (NS) 
200 (NS) 
100 (NS) 
200 (NS) 
>
4 
>
4 
= 
= 
Coffey et al., 1994  8 - 17  100 (NS) 
200 (NS) 
100 (NS) 
200 (NS) 
= 
= 
= 
= 
Coffey et al., 1994  8 - 17  200 (S)  200 (S)  =  = 
Coffey et al., 1994  8 - 17  100 (S) 
200 (S) 
100 (S) 
200 (S) 
>
4 
>
4 
= 
= 
Coffey et al., 1994  8 - 17  50 
100 (S) 
200 (S) 
50 
100 (S) 
200(S) 
= 
= 
= 
= 
= 
= 
Zhou et al., 1994  7 - 15  15 
200 (S) 
15 
200 (S) 
> 
> 
= 
= 
Apgar et al., 1995  8 - 20  100 (S) 
150 (S) 
200 (S) 
100 (S) 
150 (S) 
200 (S) 
= 
= 
= 
= 
= 
= 
Lee et al., 2001  11 - 24  170
3 170
3 =  = 
Copper polysacharide complex 
Stansbury et al., 
1990 
7 - 19  63 
125 
250
3 
63 
125 
250
3 
= 
= 
= 
= 
= 
= 
Carlson et al., 
2000 
6 - 18  250 (NS) 
250 (NS) 
250 (NS) 
250 (NS) 
25 (NS) 
50 (S) 
100 (NS) 
200 (NS) 
= 
> 
= 
= 
= 
= 
= 
= 
Copper amino acid chelate
2 
Lee et al., 2001  11 - 24  170
3 170
3 =  < 
Windisch et al., 
2001 
9 - 30  95 (NS) 
175 (NS) 
95 (NS) 
175 (NS) 
= 
= 
= 
= 
Copper methionine complex 
Bunch et al., 1965  5 - 20  250 (S)  250 (S)  =  = 
1 Not significant (NS), significant (S, P<0.05) growth promoting effect compared to the control diet in which Cu is 
supplied at physiological level 
2 The origin of the tested sources may be different 
3 No control diet
  
4 Global effect for the two doses 
5 = the source and the sulphate do not differ (P>0.05); > higher value for the source compared to sulphate (P<0.05); 
< lower value for the source compared to sulphate (P<0.05) 
 
at 200 mg/kg Cu in the diet, even though the absorption and retention of Cu 
was similar for pigs fed CuSO4 or Cu-lys (Apgar and Kornegay, 1996).  Chapter 1: Literature Review  38
Specifically with Bioplex
® Cu, which is a Cu-proteinate, studies by Carlson et 
al. (2000) and Veum et al. (2004) concluded that piglets in the post-weaning 
period were able to maintain growth performance when 50-100 mg/kg Cu 
was provided from Bioplex
® Cu, compared with the level of 250 mg/kg 
CuSO4. Similarly, growing and finishing pigs could be fed 40 mg/kg Bioplex
® 
Cu and achieve similar performance to those fed 150 mg/kg Cu from CuSO4 
(Smits and Henman, 2000). Furthermore, Fremaut (2003) demonstrated that 
growing/finishing pigs (20-110 kg liveweight) fed even 7 mg/kg Bioplex
® Cu 
can achieve the performance of pigs fed 40 mg/kg of CuSO4.  
 
According to several studies attempting to evaluate the effect of replacing 
CuSO4 by different sources of organic Cu on weaning and growing pig 
performance, it can be concluded that at equal levels of inclusion, pigs fed 
organic forms of Cu can afford the same or even better growth rate and/or 
feed efficiency than pigs fed CuSO4. Also it has been possible to reduce 
pharmacological levels of inclusion of inorganic Cu by including Cu in an 
organic form without affecting pig performance.     
1.5.4.2.1  Mechanism of action of organic Cu sources 
Apart from the hypotheses mentioned in section 1.6.4.2.1, an interesting 
finding from experimental research with Cu in pigs, is the base for another 
theory in the mechanisms of action of organic Cu. Organic Cu could enhance 
the growth of weanling pigs more than Cu sulphate by increasing more 
effectively pituitary GH mRNA levels in weanling pigs. In this study, Luo, et 
al. (2001), compared the performance and blood and tissue levels of pigs fed 
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significant increase in Cu in brain, liver and heart in pigs fed high levels of Cu 
in the diet, with no difference between sources. However, pituitary GH mRNA 
levels were significantly higher in pigs fed 250 mg/kg Cu-glycine to those fed 
copper sulphate at 15 or 250 mg/kg.  
1.5.5 Bioavailability and apparent digestibility of copper sources 
for pigs   
According to Ammerman et al. (1995), bioavailability is defined as the degree 
to which an ingested nutrient is absorbed in a form that can be utilised in 
metabolism by the normal animal. This definition stresses that the mineral 
must be available not only at the dietary level but also at the tissue level.   
 
Several factors may influence the bioavailability studies, such as the 
assessed indicators of mineral status (eg. measurement of liver Cu or bone 
Zn, alkaline phosphatase activity), the mineral status of the animals and the 
composition of the experimental diet, including the level of trace mineral 
supply (Jondreville and Revy, 2003).  
 
Commonly, the relative bioavailability value (RBV) is obtained by a slope-
ratio procedure in which the response from the mineral source in question is 
compared to that of a highly soluble source of the same mineral element 
(Ammerman and Henry, 2002) with an assigned value of 100, generally 
CuSO4  or  ZnSO4,  in the case of Cu and Zn, respectively (Jondreville and 
Revy, 2003).  
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Most of the studies aiming to assess the bioavailability of Cu have been 
related to the capacity of the mineral source to increase the concentration of 
Cu in liver or plasma, relative to CuSO4 (Tables 1.8 and 1.9).  
 
Measuring the mineral retention in separate pools only allows relative 
comparisons between sources, while measuring mineral retention in the body 
(ie, balance studies) allows determining a definite value of the mineral’s 
bioavailability (Poulsen and Larsen, 1995).   
 
In general, Cu salts with high biological availabilities include the sulphate, 
carbonate and chloride, while the Cu in cupric sulphide and cupric oxide is 
poorly available to the pig (NRC, 1998) (Table 1.8). 
 
Table 1.8: Copper inorganic sources and bioavailability for pigs (Mateos et al., 2005a) 
 
Copper 
source 
 
Formula 
Content of 
element, (%) 
RBV 
(%)
1 
Cupric acetate  Cu(C2H302)2 100  - 
Cupric carbonate  CuCO3Cu(OH) 2 50-55  60-100 
Cupric chloride
2 Cu2(OH)3Cl 58  100 
Cupric oxide  CuO  75  0 to 10 
Cupric sulphate  CuSO45H2O 25.2  100 
1 Relative bioavailability (values expressed in relation to the bioavailability in CuSO4)  
2 Tribasic. 
 
 
There are a few experiments where the apparent digestibility of inorganic 
sources such as CuSO4 has been assessed by determining its absorption 
and retention within the body. Feeding 250 mg/kg CuSO4,  pigs absorbed 
different amount of Cu depending on their age: 30-40% by weanling pigs 
(Roof and Mahan, 1982) and 12% by finishing pigs (Apgar and Kornegay, 
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Cu than older pigs, as the response to added Cu by young pigs is 
consistently greater than that by older pigs. Also the Cu level in the diet, the 
duration of the dietary intervention and the feedstuffs included in the diet can 
account for the differences reported (Rood and Mahan, 1982).    
The bioavailability of the organic Cu sources tested in pigs does not differ 
from that of CuSO4  in most studies, which have been summarised by 
Jondreville and Revy (2003) in Table 1.9. Only the study of Apgar et al. 
(1995) shows higher liver Cu concentration in weanling pigs fed 200 mg/kg 
Cu-lys compared to pigs fed CuSO4, at the same levels, suggesting that Cu-
lys was metabolised differently to CuSO4 in the liver, causing higher 
retention. However, further research in the same laboratory with finishing 
pigs, showed no differences in either absorption or retention between the two 
sources (11.9 and 8.7% Cu retention for CuSO4 and Cu-lys , respectively) 
when fed at 200 mg/kg. The authors suggested a different utilisation of 
elevated levels of Cu between weanling and finishing pigs (Apgar and 
Kornegay, 1996).    
 
Jondreville and Revy (2003) concluded that because most bioavailability 
studies were conducted under conditions of excess of Cu supply (Table 1.9), 
and the fact that the Cu requirements of pigs are under 5 mg/kg, the 
responses analysed (plasma Cu or liver Cu) seldom depend on the Cu 
source. These authors also suggested that simple methodologies that would 
enable the assessment of the binding strength of organic mineral complexes 
along the digestive tract, would be helpful in better understanding their 
modes of action and, in turn, their optimal conditions of use.  Chapter 1: Literature Review  42
Table 1.9: Comparison of several organic Cu sources to CuSO4: availability studies 
(Jondreville and Revy, 2003). 
 
 
Reference 
 
BW (kg) 
 
Basal 
diet 
1 
Basal 
diet Cu 
(mg/kg) 
 
Added Cu 
(mg/kg) 
 
Liver 
Cu
2 
Plasma
/ serum 
Cu
2 
Copper amino acid chelate
3 
Lee  et al. 
2001 
11 to 24  1    85, 170    = 
Windisch 
et al. 2001 
9 to 30  3  15  0, 80, 160    = 
Copper methionine complex 
Bunch  et 
al. 1965 
5 to 20  1    0, 250  =  = 
Copper lysine complex
3 
Coffey  et 
al. 1994 
7 to 21  2  17  0, 100, 200  =   
Coffey  et 
al. 1994 
8 to 17  2  22  0, 100, 200  =   
Coffey  et 
al. 1994 
8 to 17  2  19  0, 100, 200  =   
Zhou et al. 
1994 
7 to 15  2    0, 15, 200  =  = 
Apgar  et 
al. 1995 
8 to 20  1  15  0, 100, 
150, 200 
> = 
Lee  et al. 
2001 
11 to 24  1    85, 170    = 
1 1:corn-soybean meal, 2: corn-soybean meal-whey, 3: cereals-soybean meal-fish meal 
2 Cu concentration = (P>0.05), < or > (P<0.05), when Cu was provided as the organic supplement compared to 
sulphate  
3 The origin of tested sources may be different  
 
Specifically using Bioplex
® Cu, Veum et al. (2004) focused on measuring the 
extent of absorption and retention not only of Cu, but also of Zn and Fe, 
found that the retention of Cu as percentage of intake was higher in pigs fed 
50 or 100 mg/kg Bioplex
® Cu compared to 250 mg/kg CuSO4 (20.2 and 19.7 
% for 50 and 100 mg/kg Bioplex
® Cu and 5.3 % for CuSO4). Retention of Zn 
as percentage of intake was higher in pigs fed 50 mg/kg or 100 mg/kg as 
Bioplex
® Cu (18.1 and 17.0%) than in pigs fed 250 mg/kg CuSO4 (11.4 %), 
which suggest a benefit of including Bioplex
® Cu on the absorption of Zn. Iron 
absorption and retention were not affected by dietary Cu treatment. Although 
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retention by pigs, the inclusion of different levels in the diet did not allow 
making a conclusion on bioavailability of Bioplex
® Cu compared to CuSO4.  
1.6 ZINC 
1.6.1  Physiologic and metabolic functions of zinc 
1.6.1.1 Physiologic functions 
1.6.1.1.1  Appetite and growth 
Zinc is involved in the regulation of appetite, but the definite mechanisms 
remain obscure. Possible mechanisms include release of opiates, 
cholecystokinin, or neuropeptide Y with sites of action in the brain possibly 
hypothalamic or intestine (Cousins, 1996).  Apparently the lack of growth 
observed in Zn deficient animals is not solely the result of depressed food 
intake, it might also be due to a less efficient utilisation of nutrients (Chesters, 
1997). 
1.6.1.1.2  Skin and its appendages 
Signs of Zn deficiency include thickening, hardening and fissuring of the skin 
(parakeratosis), with lesions being more pronounced on the extremities in 
pigs (Underwood and Suttle, 1999).  
1.6.1.1.3 Skeleton 
Lack of Zn at an early stage of growth induces a gross disturbance of the 
skeleton as well as integument (Underwood and Suttle, 1999). Reduction in 
the size and strength of the femur in baby pigs has been related to Zn 
deficiency through its influence on feed intake. 
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1.6.1.1.4 Stress  response 
Stresses including bacterial endotoxins, surgery, burns and pregnancy 
decrease the plasma Zn concentration by increasing uptake of Zn by liver, 
thymus and marrow through interleukin-1 (Chesters, 1997). Stress also 
decreases the passage of Zn through the plasma to an extent comparable to 
that induced by Zn dietary deficiency. Severe trauma can result in significant 
Zn loss, but this is thought to be associated with muscle catabolism and is 
unlikely per se to induce a reduction in Zn availability (Chesters, 1997). 
1.6.1.1.5 Reproduction 
Zinc deficiency is associated with a reduction in litter size in pigs, decrease in 
hatchability in poultry, hypogonadism, dramatically decrease in 
spermatogenesis and loss of libido (Underwood and Suttle, 1999).  
1.6.1.1.6 Immunology 
Impairment of the immune system involves atrophy of the thymus with 
subsequent reduction in the humoral immune capacity, decrease in the ability 
of splenic macrophages to facilitate T-cell mitogenesis and reduction in 
cytokine production from T and B cells in zinc-deficient animals (Underwood 
and Suttle, 1999).  
1.6.1.1.7 Neurobiology 
Some observations also point to a role for Zn in modulating nerve conduction 
in the brain (Chesters, 1997). 
1.6.1.2 Biochemical functions 
Zinc is essential for the function of more than 90 enzymes, which are found in 
all of the major metabolic pathways involved in carbohydrate, lipid, protein 
and nucleic acid metabolism (Keen and Graham, 1989b) (Table 1.10). Zinc is Chapter 1: Literature Review  45
the only trace mineral required for functionality of enzymes in all six classes: 
oxidoreductase (eg. superoxide dismutase), transferease (eg. DNA 
polymerase), hydrolase (eg. alkaline phosphatase), lyase (eg. carbonic 
anhydrase), isomerase (eg. phosphomannose isomerase) and ligase (eg. 
tRNA synthetase) (Kidd, 2005).  
  
Table 1.10: Some of the Zn metalloenzymes found in mammalian tissues and the 
functions they perform (Underwood and Suttle, 1999) 
 
Enzyme Function 
Alcohol dehydrogenase  NAD
+-linked interconversion of alcohol and 
aldehyde 
Alkaline phosphatase   Freeing  PO4 from bound forms (ie, 
monoesters) 
Carbonic anhydrase  Facilitation of CO2 transport 
Carboxypeptidases A and B  Hydrolysis of C-terminal amino acids from 
polypeptides (ie, in pancreatic digestion) 
Collagenase Degradation  of collagen fibrils 
Leucine aminopeptidase  Liberation of amino acids from N-terminal 
end of proteins and polypeptides  
Mannosidase Hydrolysis  of  mannose 
Superoxide dismutase  Destruction of the free radical O
2 
  
  
NAD
+: nicotinamide adenine dinucleotide, PO4: phosphate 
 
1.6.2  Evaluation of Zn status in animals 
The most widely used method for assessment of Zn status is the 
measurement of plasma Zn, however it can become contaminated easily by 
hemolysis, inappropriate sample collection and the type of anticoagulant 
used. Plasma Zn can also rapidly drop as a result of a variety of infections 
(Keen and Graham, 1989b), and hence diagnostic errors of Zn deficiency 
may occur when plasma Zn alone is measured. Since serum Fe declines and 
Cu rises under the influence of more stressors, abnormal Zn:Cu ratios but 
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deficiency (Underwood and Suttle, 1999). Plasma Zn can be used for the 
detection of toxic intakes (Hambidge, 2003), but should not be the only 
parameter considered to assess the status of Zn in the animal.  
 
Other plasma parameters used as indices of Zn status are: alkaline 
phosphatase, although this assay suffers from a lack of specificity 
(Hambidge, 2003), ribonuclease, 5’-nucleotidase and metallothionein (MT). 
Of these, potentially the most useful is plasma MT as it can be a sensitive 
indicator of soft tissue Zn stores and is not influenced by infection. Liver Zn is 
also useful in diagnosing Zn toxicity (Keen and Graham, 1989b) and Zn 
deficiency (Underwood and Suttle, 1999). 
1.6.3 Zinc  metabolism 
1.6.3.1 Interactions of zinc in the gut  
Absorption of Zn is influenced by the amount and form of Zn present in the 
intestinal lumen, Zn status and physiological states of the animal and is 
mainly determined by the presence of dietary binding ligands (Krebs, 2000) 
which can enhance or decrease the absorption of Zn. Therefore absorption is 
a characteristic of the complete diet rather than a specific component.  
1.6.3.1.1 Phytate and calcium  
Plant phytate carries a strong negative charge and has the ability to chelate 
di- and trivalent cations rendering the elements partially or totally unavailable 
to the pig (Mateos et al., 2005b), as its gastrointestinal tract lacks any 
significant phytase activity (Lonnerdal, 2000). Phytate has highest binding 
affinity for Cu and Zn, although it reduces P, Ca, Co, Fe and Mg availability 
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expressed as a molar ratio of phytate:Zn, with values exceeding 15 being 
considered to indicate a risk of reduced Zn absorption (Chesters, 1997). 
 
Furthermore, the extent of the Zn x phytate interaction depends on the level 
of dietary Ca. High dietary Ca accentuates the effect of phytate on Zn 
bioavailability (Fordyce et al., 1987; cited by Wedekind et al., 1994; Chesters, 
1997). For example, a small increase in dietary calcium from 6 to 7.4 mg/kg 
DM reduced the availability of inorganic Zn for chicks by 3.8 fold (Wedekind 
et al. 1994). 
 
Chesters (1997), using data from at least 40 experiments in rats in which 
effects of dietary Ca, Zn and phytate, expressed as moles per kilogram diet, 
on growth had been reported, concluded that effects on growth could be 
predicted from the ratio:    
(Ca)  x (phytate) 
                   Zn 
 
Ratios in excess of 3.5 were associated with a significant reduction in the 
growth of rats. In pigs, feeding a diet low in Ca (0.6-0.75%), phytate:Zn ratios 
greater than 12 (approximately equivalent to (Ca x phytate):Zn = 1.6) may 
affect growth rate (Wedekind et al., 1994). 
 
The ratios phytate:Zn and (Ca x phytate):Zn are suggested to be a promising 
tool in the prediction of Zn utilisation by pigs, however more research is 
needed as factors such as age, diet composition, diet processing, response 
criterion and Zn source influence the predictive value (Wedekind et al., 
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Finally, the use of exogenous phytase and the reduction in the level of Ca in 
the diet should be beneficial for pig growth. The addition of 1500 phytase 
units/kg to a diet with 0 mg/kg supplemental Zn, increased body weight gain 
of weanling pigs from 76 to 155 g/d, which was probably due to the increase 
in Zn retention from 29% to 43 % of Zn intake (Adeola et al., 1995). 
Calculations from Revy et al. (2004) concluded that 1000 units of phytase/kg 
of feed is equivalent to the inclusion of 24 mg/kg of Zn as ZnSO4 in diets for 
15 kg-pigs.  
 
Fibre is often implied as having a negative effect on Zn absorption; however 
this is usually due to the fact that most fibre-containing foods also contain 
phytate (Lonnerdal, 2000).  
1.6.3.1.2 Interaction zinc x copper 
Interactions also occur between minerals, and the prime example is the 
competitive antagonism between Zn and Cu. In a study with nursery pigs, 
plasma Zn and Cu concentrations responded in an inverse manner to each 
other as dietary ZnO increased from 1000 to 3000 mg/kg. The increase in 
plasma Zn and the concurrent decline in plasma Cu began when dietary Zn 
concentrations were higher than 1000 mg/kg and was exacerbated as dietary 
Zn concentration increased to 2000 and 3000 mg/kg, suggesting that the 
plasma homeostasis of Zn and Cu might be disturbed when dietary Zn 
concentrations were higher than 1000 mg/kg (Hill et al., 2001).  
 
According to Cousins (1985), the mechanism for this antagonism takes place 
within the enterocyte by the effect of these minerals on MT. Metallothionein is 
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Cd. If there is excess of any of these minerals in the mucosal cell, this 
stimulates the synthesis of MT, but normally the promoter for MT is more 
sensitive to dietary Zn levels than to dietary Cu levels. Metallothionein then 
binds Cu, because the binding affinity of this protein is greater for Cu than for 
Zn, and removes it from further transport into the portal blood by 
desquamation of enterocytes.  
 
The reverse interaction, namely the effects of excess Cu on Zn metabolism 
has also been demonstrated, although wide imbalances of Cu and Zn are 
necessary to observe the effect. The concentration of MT needs to be 
sufficiently high to reduce Zn absorption (Cousins, 1985) (Figure 1.3). More 
recent research using MT-null mice strongly suggests that stimulation of MT 
is not necessary for high Zn to bring about a Cu deficiency, instead their 
study suggests that the high Zn is inhibiting a Cu transport protein in the 
intestinal membrane and Cu cannot be transported (Reeves, 1998). 
 
 
 
Figure 1.3. Schematic representation of intestinal mucosal cell and probable sites of 
dietary Cu and Zn interactions (Cousins, 1985). 
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1.6.3.1.3 Interaction iron x zinc  
In the past, the antagonism between Fe and Zn was attributed to a 
competition for transport by the DMT1 transporter, which is involved in the 
uptake of Fe from the intestinal lumen to the cytoplasm, but new evidence 
showed that this transporter is not involved in the uptake of Zn. There is 
evidence that Fe at high levels significantly inhibits the uptake of Zn, but the 
reverse situation is unlikely (Kordas and Stoltzfus, 2004).  
1.6.3.1.4 Interaction  zinc x copper x iron 
The three-way interaction Zn x Cu x Fe has been detailed in Section 
1.5.3.1.3 (interaction zinc x copper x iron).  
1.6.3.2 Absorption of zinc  
Minerals susceptible to hydroxy-polymerisation such as Al, Cu, Fe, Mn and 
Zn are called hydrolytic metals and are acid-soluble, but as the pH is raised 
in the absence of soluble binding ligands, they form insoluble precipitates. 
Mucin, a glycoprotein which provides the mucosal layer is secreted 
throughout the gastrointestinal tract and has affinity for these metals 
facilitating intestinal absorption (Powell et al., 1999).  
        
Zinc absorption from the mucus layer into the intestinal mucosa is believed to 
be limited to the small intestine, primarily the duodenum and jejunum and is 
dependant on the luminal Zn concentration (Cousins, 1989). Zinc absorption 
involves a mediated (saturable) component and a nonmediated 
(nonsaturable) component, however, most Zn is absorbed by a carrier-
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non-mediated component (diffusion between epithelial cells) is more active at 
high Zn concentrations (Cousins, 1996). 
 
The mediated Zn transport across the brush border membrane may occur by 
one or more processes (Figure 1.4). It may require ligands, perhaps 
macromolecules, that transfer Zn from the lumen to a carrier protein in the 
membrane, Zn might be transported as a low-molecular-weight complex 
(Cousins, 1989; 1996),  it might be facilitated by endocytotic vesicle 
formation, or Zn transport occurs via Zn channels in the membrane or 
through cotransport with an anion (Cousins, 1996).  
 
Figure 1.4. Potential modes of Zn entry across brush border membrane (Cousins, 
1989). 
 
Recent molecular work has identified numerous Zn transporters in human 
cells, which are responsible for either influx or efflux of Zn at the cellular 
level. These transporters belong to two main families which have opposite 
roles in Zn homeostasis: (i) ZnT family, with at least 9 transporters identified, 
seem to promote Zn efflux from cells, reducing intracellular Zn availability; 
and (ii) Zip family, with 15 transporters identified, promote extracellular Zn Chapter 1: Literature Review  52
uptake, increasing intracellular Zn availability. Both the ZnT and Zip 
transporters families are tissue-specific, respond differently to dietary Zn 
deficiency and excess, and to physiologic stimuli via hormones and cytokines 
(Figure 1.5) (Liuzzi and Cousins, 2004). 
 
 
Figure 1.5. The representative cell shows some of the observed nutritional and 
physiological inputs that influence expression of Zn transporter genes (Liuzzi and 
Cousins, 2004). Nutritional regulation is shown as the direction of response to Zn 
depletion/Zn supplementation (i.e., –/+ or +/–). Abbreviations: EGF, epidermal growth factor; 
IGF, insulin-like growth factor; TGFα, transforming growth factor  
 
Zinc entering mucosal cells from the lumen causes the synthesis of the 
protein called metallothionein (Cousins, 1989), which controls the amount of 
Zn that is transferred across the basolateral membrane into the circulation. 
Excess of the Zn-MT complex is not absorbed and later sloughed off in the 
epithelial cells (Cousins, 1985). Zinc flux in the mucosal-to-serosal direction 
is inversely related to cellular MT, whereas Zn transfer in the serosal-to-
mucosal direction is directly related (Cousins, 1996). 
 
Whether MT synthesis enhances or reduces the absorption of Zn remains to 
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actually facilitate absorption, depending on conditions of brush-border uptake 
and efflux at the basolateral membrane (Cousins, 1985). In most studies, Zn 
absorption was inversely related to intestinal MT (Davis and Cousins, 2000). 
Therefore, MT functions include intracellular metabolism and/or storage, 
metal donation to target apometalloproteins particularly zinc finger proteins 
and enzymes, metal detoxification and protection against oxidants and 
electrophiles (Davis and Cousins, 2000).    
 
The Zn supply directly affects the transcellular movement of Zn influencing 
changes in plasma Zn. Dietary Zn depletion increases uptake and absorption 
but decreases cellular MT and cell to lumen transfer. Plasma Zn is reduced 
with severe restriction but not with moderate (Cousins, 1996). Fasting 
increases uptake to a lesser extent than Zn depletion, plasma Zn, cellular MT 
and cell to lumen transfer but decreases absorption (Figure 1.6) (Cousins, 
1989). Also, plasma Zn decreases post prandially, due perhaps to meal-
induced changes in insulin and glucose (King et al., 1994; cited by Cousins, 
1996).    
 
Figure 1.6. Effects of dietary depletion and fasting on relative transcellular Zn 
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1.6.3.3 Transport of zinc in plasma  
Newly absorbed Zn is transported mainly by albumin in plasma (Cousins, 
1985; Cousins, 1996; Keen and Graham, 1989b), but other plasma proteins 
binding some Zn are transferrin, histidine-rich glycoprotein, and perhaps MT 
(Cousins, 1996). In pigs, albumin Zn was found to exchange with other 
plasma proteins (Chesters, 1997). 
1.6.3.4 Storage of zinc 
Metallothionein, which is particularly concentrated in liver, kidney, pancreas 
and intestine, with especially high concentrations in the foetus and neonates, 
appears to act as a temporary storage for Zn, particularly when the element 
is present in excess over immediate requirements (Chesters, 1997). 
Induction of hepatic MT synthesis by Zn arriving at the liver plays a key role 
in removing Zn from the plasma and partitioning it between various pathways 
(Bremner, 1993; cited by Underwood and Suttle, 1999).  
 
The capacity of tissues to store Zn is poorly developed and short-term 
studies showed little change in tissue Zn in baby pigs when dietary Zn supply 
was varied (Miller et al., 1968; cited by Underwood and Suttle, 1999). 
However, significant amounts of Zn may be redistributed from large pools in 
muscle and bone during deficiency, thus delaying the onset of clinical 
deficiency (Underwood and Suttle, 1999). 
1.6.3.5 Excretion of zinc 
Excretion of Zn occurs predominantly via faeces with little Zn excreted in 
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are also lost in hair, sweat, desquamation of skin, bile and seminal fluid 
(Chesters, 1997).    
 
It has been demonstrated that the homeostasis of Zn absorption has other 
components. For example when the dietary Zn supply goes beyond the daily 
requirement in animals, endogenous Zn excretion increases and becomes 
the predominant regulating component that determines net Zn absorption 
(Cousins, 1985). Endogenous Zn  accounts for pancreatic and biliary 
secretions into the intestine and directly by enterocytes (Gralak et al., 1999; 
cited by Gralak, 2002). In pigs, the contribution of pancreatic excretion to 
endogenous Zn output appears to be more than biliary secretions (Cousins, 
1985).    
1.6.3.6 Zinc kinetics 
Kinetic studies provide useful information on how Zn metabolic 
compartments are used. These studies involve the administration of an 
isotope and the measurement of its movement within the body over time. 
Differences in pool sizes and transport rates modified by diet, environment, 
genetics or disease can be determined by mathematically modelling the data 
(Wastney  et al., 2000). In humans, two phases of turnover have been 
detected. The faster pools are located in plasma, red blood cells (Wastney et 
al., 2000) and liver, followed by pancreas, kidney and spleen (Cousins, 
1996), and the slower pools are located in muscle (Wastney, et al., 2000), 
nervous system and bone (Cousins, 1996).  
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In weanling pigs, a kinetic Zn study was performed feeding a Zn-adequate 
(102 mg/kg Zn) or a Zn-marginal (13 mg/kg Zn) diet. It was concluded that, 
compared to piglets fed the Zn-adequate diet, piglets compensate for 
marginal Zn intake primarily through an increase in fractional Zn absorption 
(5.5 fold). Also, piglets lower the release of Zn from erythrocytes (30%) and 
the spleen accounts for a larger fraction (20% vs 30%) of a smaller 
compartment that turns over in 3.6 h (Serfass et al., 1998).         
1.6.4  Zinc as a growth promoter in diets for pigs 
1.6.4.1 Inorganic zinc sources 
Investigations into feeding pharmacological levels of Zn to nursery pigs 
began following reports from Poulsen (1995, cited by Case and Carlson, 
2002) suggesting that supplemental ZnO (3000 mg/kg in the diet) decreased 
the incidence of non-specific post-weaning diarrhoea, and more importantly 
Escherichia coli proliferation.  
 
The inclusion of pharmacological concentrations of Zn as ZnO can also 
promote growth performance of the newly-weaned pig (Hahn and Baker, 
1993; Hill et al. 1996; Woodworth et al., 1998; Carlson et al., 1999; 
Mavromichalis et al., 2000; Hill et al. 2001; Case and Carlson, 2002; Mullan 
et al. 2002), it being more dramatic with early weaning. In early-weaned pigs 
(11-15 d) fed 2000 mg/kg ZnO, gains increased 29%, feed intake 20% and 
feed efficiency 7%; while in later-weaned pigs (21-25 d) the increase in 
growth rate was 10% and feed intake and feed efficiency 5%, compared with 
pigs fed the basal diet (0 supplemented ZnO). This difference might be due 
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performance reached a plateau at 2000 mg ZnO/kg diet (Hill et al., 2001). 
However, the inclusion of 3000 mg/kg ZnO improved performance of weaned 
pigs with no evidence of a Cu deficiency through the fifth week post-weaning 
in an experiment by Carlson et al. (1995). As the beneficial effect of adding 
high levels of Zn in the diet, disappear with age, the supplementation of diets 
with ZnO should be restricted to the first two weeks after weaning (Carlson et 
al., 1999; Katouli et al., 1999).  
 
Although weight gain responses to ZnO supplementation are usually positive, 
feed intake and feed efficiency have been variable. Averaged across three 
experiments, Hahn and Baker (1993) found that ZnO supplementation at 
3000 mg/kg to weaner pigs increased average daily gain (ADG) by 17%, 
which seemed to be due to an increased feed intake (FI) of 14%, which was 
also supported by Hill et al. (1996). However, no significant effect of 3000 
mg/kg ZnO was evident in feed intake, although growth performance was 
enhanced in nursery pigs fed 3000 mg/kg ZnO in a study by Carlson et al. 
(1999).  
 
Feed efficiency was improved in both early- and traditionally-weaned pigs by 
7 and 5%, respectively, by the inclusion of 2000 mg/kg in the diet (Hill et al., 
2001), but was not stimulated by supplementation of 1500 or 3000 mg/kg 
ZnO in the studies of Hahn and Baker (1993) and Mavromichalis et al. 
(2000).  
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Hahn and Baker (1993) and Carlson et al. (1999) reported a positive 
relationship between plasma Zn and average daily gain when plasma Zn 
concentrations were around 2.5 mg/L in weanling pigs. According to Carlson 
et al. (1999), plasma Zn concentrations seem to reach a saturation point after 
pharmacological concentrations of ZnO are fed for 2 weeks to weanling pigs, 
suggesting that this is probably tied to the role of MT in Zn homeostasis. 
Although the inclusion of 3000 mg/kg of ZnSO4 in nursery pig diets was able 
to increase plasma Zn far more than ZnO (4.01 vs. 2.20 mg/L), dietary 
ZnSO4 did not increase feed intake or weight gain. From their studies it was 
apparent that plasma Zn levels > 3 mg/L were not compatible with growth 
promotion (Hahn and Baker 1993).  
 
 The use of 3000 mg/kg ZnO was reduced to 2000 mg/kg in a study by Hill et 
al. (2001), who demonstrated that both levels were equally efficacious in 
increasing daily gain, feed intake and feed efficiency for four weeks after 
weaning. Moreover, a study carried out by Martinez et al. (2004), concluded 
that doses of 2000 mg ZnO/kg could be reduced to 1000 mg ZnO/kg by 
adding phytase [500 phytase units (FTU)/kg], as MT mRNA and Zn 
absorption was enhanced to the same extent as 2000 mg/kg ZnO with and 
without phytase. Unfortunately, pig performance was not measured in this 
experiment.  
1.6.4.1.1  Mechanism of action of pharmacological levels of zinc 
The mechanism(s) of action behind the growth promoting effect of feeding 
pharmacological levels of Zn remains unclear, nevertheless these are some 
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•  Improvement in duodenal morphology (deeper crypts and greater total 
thickness) of pigs in response to 3000 mg/kg ZnO (Carlson et al., 
1998). However, another study found shorter villi and longer crypts, 
which suggests a drastic deterioration of intestinal morphology 
following weaning and consumption of dry diets, when feeding 1500 
mg/kg ZnO to weanling pigs (Mavromichalis et al., 2000).  
•  Decrease in the proliferation of Escherichia Coli when nursery pigs 
were supplemented with 3000 mg/kg ZnO in the diet (Poulsen, 1995, 
cited by Case and Carlson, 2002). Later, it was found that 
supplementation of 2500 mg/kg ZnO to weaned pigs maintained a 
higher diversity of intestinal coliforms, a factor which promotes an 
active competition for colonising receptor sites of diarrhoegenic strains 
(Katouli et al., 1999). 
•  Increase in feed intake in weaned pigs fed 2000 - 3000 mg/kg ZnO 
(Hahn and Baker, 1993; Hill et al., 2001). However, a study by Carlson 
et al. (1999) reported no differences in feed intake of nursery pigs fed 
3000 mg/kg even though growth was improved.   
•  Increase in intestinal MT concentrations. This hypothesis was stated 
by Carlson et al. (1999) whom reported increased concentrations of 
Zn in liver, kidney and intestine, as well as MT concentrations in the 
same tissues, when nursery pigs were fed pharmacological levels of 
Zn.  
1.6.4.2 Organic zinc sources 
Increasing legislative and environmental pressures to decrease the amount 
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including minerals in the organic forms in pig diets, as some studies have 
shown similar pig performance at lower levels of inclusion than levels of 
inorganic forms commonly used. Supplementation with 250 mg/kg zinc 
methionine (Zn-met) (Ward et al., 1996) or 300 mg/kg Zn-polysacharide 
(Huntington et al., 2002) allowed equal performance to 2000 mg/kg ZnO in 
weanling pigs. In a study by Ahn et al. (1998) the performance of weanling 
pigs fed Zn-met at 200 or 100 mg/kg was always superior to those fed ZnO at 
the same levels. However, in a study by Hollis et al. (2001) pigs 
supplemented with 2500 mg/kg ZnO grew faster than pigs with 125, 250 and 
500 mg/kg Zn-met in the diet. Also a review by Jondreville and Revy (2003) 
summarising a number of studies comparing the inclusion of different organic 
Zn sources to ZnO on growth rate and feed efficiency, shows no consistency 
regarding growth promotion by any of the organic forms (Table 1.11), which 
refutes in part the hypothesis of growth promoted similarly by lower levels of 
inclusion of organic Zn compared with pharmacological levels of ZnO. 
 
On the other hand, comparing organic Zn versus ZnSO4 at non 
pharmacological levels in weanling pigs, van Heugten et al. (2003) found no 
difference in performance between weanling pigs fed a control diet containing 
100 mg/kg ZnSO4 or diets supplemented with 80 or 160 mg/kg ZnSO4, or 40 
and 80 mg/kg Zn-met or zinc lysine (Zn-lys), concluding that the NRC 
recommendations for Zn are adequate to maximise growth and that organic 
sources have no advantage over ZnSO4. Similarly, Cheng et al. (1998) 
reported that pig performance was equally promoted by 100 mg/kg of ZnSO4 
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Table 1.11: Growth promoting effect of several organic sources of Zn compared to 
ZnO (Jondreville and Revy, 2003). 
 
Added Zn (mg/kg)
 1  Reference BW 
(kg)  Oxide Source 
Growth 
rate
3 
Feed/ 
Gain
3 
Zn lysine complex
2 
Schell and 
Kornegay, 1996 
7 to 9  1000 (NS)  1000 (NS)  =  = 
Schell and 
Kornegay, 1996 
7 to 9  2000 (NS)  2000 (NS)  =  = 
Schell and 
Kornegay, 1996 
5 to 8  3000 (NS)  3000 (NS)  =  = 
Zn polysaccharide complex 
Case and 
Carlson, 2002 
6 to 
18 
500 (NS) 
3000 (S) 
500 (S) 
500 (S) 
> 
= 
= 
= 
Case and 
Carlson, 2002 
5 to 
15 
500 (NS) 
3000 (S) 
500 (NS) 
500 (NS) 
= 
< 
= 
= 
Case and 
Carlson, 2002 
5 to 9  500 (NS) 
3000 (S) 
500 (S) 
500 (S) 
> 
= 
= 
= 
Zn methionine complex
2 
Hahn and Baker, 
1993 
8 to 
14 
3000 (S)  3000 (NS)  <  > 
Schell and 
Kornegay, 1996 
7 to 9  1000 (NS)  1000 (NS)  =  = 
Schell and 
Kornegay, 1996  
7 to 9  2000 (NS)  2000 (NS)  =  = 
Schell and 
Kornegay, 1996 
5 to 8  3000 (NS)  3000 (NS)  =  = 
Zn proteinate 
Carlson et al. 
2000 
5 to 8  2000 (S) 
2000 (S) 
2000 (S) 
2000 (S) 
2000 (S) 
50 (S) 
100 (S) 
200 (NS) 
400 (NS) 
800 (NS) 
= 
= 
< 
< 
< 
= 
= 
= 
= 
= 
Carlson et al. 
2000 
5 to 
15 
2000 (NS) 
2000 (NS) 
2000 (NS) 
2000 (NS) 
2000 (NS) 
50 (NS) 
100 (NS) 
200 (NS) 
400 (NS) 
800 (NS) 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
Zn amino acid complex
2 
Case and 
Carlson, 2002 
6 to 
18 
500 (NS) 
3000 (S) 
500 (NS) 
500 (NS) 
= 
< 
= 
= 
Case and 
Carlson, 2002 
5 to 
15 
500 (NS) 
3000 (S) 
500 (NS) 
500 (NS) 
= 
< 
= 
= 
Case and 
Carlson, 2002 
5 to 9  500 (NS) 
3000 (S) 
500 (NS) 
500 (NS) 
= 
< 
= 
= 
1 Not significant (NS), significant (S, P<0.05) growth promoting effect compared to the low Zn control diet 
2 The origin of the tested sources may be different 
3 = the organic source and the oxide do not differ (P>0.05); > higher value for the source compared to oxide 
(P<0.05); < lower value for the source compared to oxide (P<0.05)  
 Chapter 1: Literature Review  62
From the scarce literature in growing pigs, a Japanese study comparing 0, 
25, 50 or 100 mg/kg Zn amino acid chelate and 100 mg/kg ZnSO4 did not 
find any difference in pig performance, even though the availability for the 
organic Zn was higher according to femoral and serum Zn concentrations 
(Susaki et al., 1999). 
 
Using Bioplex
® Zn, which is a Zn proteinate, Mullan et al. (2002) observed 
that weaner pigs fed 100 mg/kg Bioplex
® Zn had the same growth rate as 
those fed 1500-2250 mg/kg Zn from ZnO, but piglets fed 250 mg/kg Zn from 
Bioplex
® Zn had superior growth rate to those fed 100 mg/kg Bioplex
® Zn. In 
agreement, Carlson et al. (2000) concluded that 50-100 mg/kg Bioplex
® Zn 
may replace 2000 mg/kg ZnO in weaner pig diets, since no significant 
difference was observed in growth between experimental diets in a 28-day 
study. Contrarily, nursery pigs fed ZnO at 2000 mg/kg had greater ADG than 
those fed Bioplex
® Zn at 200 or 400 mg/kg, in a 29-day study (Carlson et al., 
2004).  
 
From the studies presented it is evident that variation occurs in the growth 
response of pigs to organic Zn sources compared to inorganic forms, which 
is expected as organic forms differ and many animal and environmental 
factors influence the effect. However, since lower inclusion levels of Cu and 
Zn in the diet decrease greatly the mineral concentration in faecal material 
(details in Section 1.3) investigation of the optimum inclusion level for each 
organic form in terms of pig performance and faecal excretion is worthwhile.   
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1.6.4.2.1  Mechanism of action of organic Zn sources 
Metals within the chelates are chemically inert and seem to be better 
protected from making insoluble complexes with digesta components in the 
intestine (ie, phytate), due to the coordinate and ionic bonding by the amino 
acid (Fairweather-Tait, 1996; cited by Power and Horgan, 2000).  
 
The mechanism of action of chelates is far from resolved, but seems to be 
mostly related to their absorption system. As previously mentioned, a mineral 
chelate might not need a transporter to pass into the systemic circulation as it 
can follow the same absorption pathway through the mucosal cell as does a 
dipeptide (Ashmead, 1993; Tacnet et al., 1993) or it might be absorbed by 
the nonmediated component of Zn absorption (diffusion between epithelial 
cell) (Cousins, 1996).  
 
If the chelate is absorbed intact, the actual separation of the metal from its 
amino acid ligand is believed to take place at the sites of usage. When the 
hydrolysis occurs, the coordinating bonds break, possibly due to enzymatic 
action together with cellular pH changes that have lowered the stability 
constants of the amino acid chelates, favouring the release of the cation 
(Rosevear et al., 1987; cited by Ashmead, 1993).  
 
However, the absorption of chelates as intact molecules has been difficult to 
demonstrate experimentally. From a study with a variety of low-molecular-
weight complexes using rat ligated duodenal loops, Hempe and Cousins 
(1989) suggested that Zn-ethylenediaminetetraacetic acid (Zn-EDTA) is 
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basolateral membrane. They also found that Zn-EDTA and Zn-met reduced 
Zn absorption.  
 
Alternatively, Power and Horgan (2000) proposed that the ligand present in 
the organic complexes may slow the rate of hydroxy-polymerisation of 
metals, which occurs for Cu, Fe, Mn and Zn when the pH is raised making 
them insoluble, and allow its donation to a higher molecular weight ligand 
such as mucin, thus maintaining them soluble and available for absorption.  
  
Another interesting finding relates to the different effect of organic sources 
compared to inorganic on the concentration of MT in intestinal cells. Carlson 
et al. (1997) found higher concentration of MT in intestinal mucosa cells in 
nursery pigs fed the basal diet or a diet supplemented with 3000 mg/kg ZnO 
compared to pigs fed Zn-met or Zn amino acid complex at 250 mg/kg (98.04 
µg/g and 116.01 µg/g  vs. 56.6 µg/g and 71.31 µg/g, respectively).     
1.6.5 Bioavailability and apparent digestibility of zinc sources for 
pigs  
The common pig responses assessed to Zn supplementation are absorption 
of the mineral, growth rate, accumulation of the mineral in specific tissues 
such as bone and enzymatic activities such as alkaline phosphatase 
(Ammerman, 1995).  
 
The Zn in Zn sulphate, carbonate, chloride and Zn metal dust are more 
bioavailable to the pig than ZnO. Zinc sulphide is relatively poorly available 
(NRC, 1998) (Table 1.12). In general, Zn absorbed and retained is much less 
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ZnSO4 or ZnO, ZnO being preferred over the sulphate because of the lower 
reactivity in the trace mineral premix (Mateos et al. 2005a).   
 
Table 1.12. Zinc inorganic sources and bioavailability for pigs (Mateos et al., 2005a). 
 Zinc 
source 
 
Formula 
Content of 
element, (%) 
RBV 
(%)
1 
Zinc carbonate  ZnCO3 56  100 
Zinc oxide  ZnO  72  50 to 80 
Zinc sulphate (1H2O) ZnSO4H2O 35.5  100 
Zinc sulphate (7H2O) ZnSO27H2O 22.3  100 
1 Relative bioavailability (values expressed in relation to the bioavailability in ZnSO4)  
 
Several studies have assessed the bioavailability of different organic Zn 
forms by measuring the capacity of a specific mineral source to replete Zn 
storage in tissues (ie, bone, plasma, liver) compared mostly with ZnSO4, 
although in some times ZnO has been used as standard. 
 
Schell and Kornegay (1996) did not find differences in pig performance 
between ZnO, ZnSO4, Zn-Met and Zn-Lys. Serum Zn concentrations 
suggested that the RBV of Zn was lowest for ZnO (69-73%) and intermediate 
for the organic complexes (77-99%) compared with the bioavailability of 
ZnSO4 (100%). This was also supported by Wedekind et al. (1994) who 
indicated the following rankings of Zn RBV to the ZnSO4 standard (100%) > 
Zn-Met (80%) > ZnO (74.4%) > Zn-Lys (46.8%), according to bone and 
plasma Zn. Ahn et al. (1998) concluded that the availability of Zn from Zn-Met 
was higher than that from ZnO in agreement with plasma Zn and serum IgG, 
as did Kessler et al. (1998) who compared ZnO, Zn-proteinate and Zn-
polysaccharide according to Zn levels in liver and tibia, in weanling pigs. In 
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(amino acid complex or polysaccharide complex) or inorganic Zn (ZnO) to 
nursery pigs, did not find any differences in plasma, tissue, urine or faecal Zn 
concentrations, indicating that Zn bioavailability was no different between 
sources.  
 
Most of the studies previously mentioned concluded that the organic sources 
show higher bioavailability than ZnO, but there are relatively few experiments 
that support the hypothesis of a superior bioavailability of organic Zn than 
ZnSO4. Hahn and Baker (1993) observed that Zn-Met increased Zn plasma 
levels 1.2 times more than did ZnSO4 and 2.2 times more than ZnO at the 
same levels (3000 mg/kg Zn) when fed to young pigs from 5 to 20 kg LW. 
Susaki  et al. (1999) found higher femoral and serum Zn concentration in 
growing pigs fed 100 mg/kg of Zn amino acid chelate compared to those fed 
ZnSO4, accompanied by a 1.4 times higher Zn solubility, which at least partly 
accounted for its higher availability. In a study where Fe, Cu, Zn and Mn were 
given as sulphates or proteinates, it was evident that the inclusion of 
proteinate significantly increased Fe plasma levels and Cu and Zn liver 
concentrations compared to the sulphate, which could at least partially due to 
the higher solubility of proteinate Cu after the acid and the alkali treatment 
(Schiavon et al., 2000).    
    
Some other studies comparing the effect of different organic Zn sources with 
ZnSO4 on tissue Zn concentrations are summarised by Jondreville and Revy 
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Table 1.13. Comparison of several organic Zn sources to ZnSO4: availability studies 
(Jondreville and Revy, 2003). 
 
 
Reference 
 
BW 
(kg) 
 
Basal 
diet
1 
Basal 
Zn 
(mg/kg) 
Added 
Zn 
(mg/kg) 
 
Bone 
Zn
2 
Plasma
/ serum 
Zn
2 
 
Liver 
Zn
2 
Zinc amino acid chelate
6 
Swinkels et 
al. 1996 
5-11 2  17  0,  45    =  = 
Susaki et al. 
1999 
7-19 4  47  0,  25, 
50, 100 
> > > 
Lee et al. 
2001 
11- 24  1    60, 120    >   
Zinc methionine complex
6 
Hill et al. 
1986 
8-96 1 27/23
5 0,  15  =  =   
Hahn and 
Baker, 1993 
8- 18  1  125  0, 3000    120 (>)   
Wedekind 
et al. 1994 
20- 97  1  32/27
3 0,  7.5, 
15 
60(<)/ 
84(=)
4 
95 (=)   
Schell and 
Kornegay, 
1996 
7-9  1  105  0, 2000  93 (=)  99 (=)  80 (=) 
Schell and 
Kornegay, 
1996  
7-9  1  105  0, 3000  93 (=)  77 (<)  59 (<) 
Lee et al. 
2001 
11- 24  1    60, 120    >   
Revy et al. 
2002 
9-18 3  28  0,  10, 
20, 30 
= = = 
Zinc lysine complex
6 
Hahn and 
Baker, 1993 
8-18 1  125  0, 
1500, 
2500 
 110  (=)  
Wedekind 
et al. 1994 
20- 97  1  32/27
3 0,  7.5, 
15 
24(<)/ 
38(<)
4 
79 (=)   
Schell and 
Kornegay, 
1996 
7-9  1  105  0, 2000  99 (=)  88 (=)  94 (=) 
Schell and 
Kornegay, 
1996 
7-9  1  105  0, 3000  84 (<)  88 (<)  69 (<) 
Cheng et al. 
1998 
7-16  1  30.5  0,  100  = = = 
Cheng et al. 
1998 
7-16  1  33.5  0,  100  = = = 
1 1: corn-soyean meal, 2: corn starch-isolated soybean protein, 3: Cereals-isolated soybean protein whey, 4: 
Cereals-skimmed milk  
2 The relative bioavailability value (RBV) is mentioned only when provided in the original paper (Zn concentration or 
RBV = (P>0.05), < or > (P<0.05), when Zn provided as the organic supplement compared to sulphate) 
3 Zn concentration in the growing and finishing diets, respectively 
4 Assessed by means of the metacarpals Zn and 
the coccygeal vertebrae Zn, respectively 
5 Zn concentration in the post-weaning and the growing-finishing diets, 
respectively  
6 The origin of the tested sources may be different   Chapter 1: Literature Review  68
It is clear that there is a major influence of the estimation method and the 
mineral source on the bioavailability values. Thus all organic forms are not 
the same and the processes used to obtain the commercial products might 
result in products with similar name (ie, generic chelate) but containing 
variable concentrations of bioavailable minerals. Even within the same 
experiment the response is very broad depending of what methodology has 
been performed (ie, Wedekind et al., 1994). There is also a lack of 
standardised methodology for verification of the type and quality of 
commercial sources of organic minerals. Moreover, no industry methods are 
available to test the degree of chelation of a mineral element to an organic 
ligand or to relate the characteristics of the source to in vivo bioavailability 
(Mateos et al., 2005a). Overall, few studies support the theory of a better 
bioavailability of organic Zn sources to pigs compared to ZnSO4.  
 
Studies attempting to assess the apparent digestibility of Zn from different 
sources by measuring absorption and retention of Zn by pigs are scarce and 
have not shown a clear difference between organic and inorganic sources 
either. Cheng et al. (1998) found that ZnSO4 and Zn-lys were equally 
available to weanling pigs according to the similar absorption coefficients for 
the small intestine (29.9% and 27.4% for ZnSO4 and Zn-lys respectively) and 
lower colon (28.1% and 24.7% for ZnSO4 and Zn-lys respectively). The study 
included 0 and 100 mg/kg of supplemental Zn under the form of sulphate or 
lysine complex. Similarly, Revy et al. (2002) did not find any difference in 
retained Zn between ZnSO4  and Zn-lys, measured either by the balance 
technique or by the comparative slaughter technique (CST). Twenty seven Chapter 1: Literature Review  69
percent of Zn intake was retained when measured by means of the balance 
technique and 54% less when measured by the CST. The levels of ZnSO4 
and Zn-lys analysed in the diet in this study were 0, 10, 20 and 30 mg/kg diet. 
These results confirm the similar bioavailability between ZnSO4 and Zn-lys to 
weanling pigs.  
 
In agreement with the results mentioned above, Case and Carlson (2002) 
found similar excretion rates (449, 508 and 537 mg/d, for Availa-Zn, SQM-Zn 
and ZnO, respectively) for weanling pigs fed Zn in two different organic 
sources (Availa-Zn and SQM-Zn) vs. ZnO at 500 mg/kg, confirming their 
similar apparent digestibility, even though weight gain was improved by 
feeding SQM-Zn. These authors concluded that bioavailability is irrelevant to 
the efficacy of growth performance of nursery pigs fed high concentrations of 
Zn.  This was also the conclusion of Mavromichalis et al. (2000) from four 
experiments performed during 21-, 21-, 17- and 11-day feeding periods in 
young pigs fed 0, 1500 or 3000 mg Zn/kg from high or low bioavailable ZnO 
(93 and 39%, respectively), where the growth performance was improved by 
the addition of ZnO, but no difference was detected between the two sources 
(high vs. low). 
 
Specifically with Bioplex
®  Zn, a study by Carlson et al. (2004) comparing 
dietary supplementation of 200 and 400 mg/kg Bioplex
® Zn to 2000 mg/kg 
ZnO fed to nursery pigs found a linear increase in percentage of Zn retention 
in response to increasing Bioplex
® levels (11.5% and 17.4% for 200 mg/kg 
and 400 mg/kg Bioplex
® Cu, respectively), with no statistically significant Chapter 1: Literature Review  70
difference between ZnO (15.2%) and Bioplex
® Zn pooled from 200 and 400 
mg/kg data. Percentage of Cu retention was higher in pigs fed ZnO (18.7%) 
than those fed Bioplex
® Zn (14.5% and 13.6% for 200 and 400 mg/kg 
Bioplex
® Zn, respectively). A definite conclusion on the apparent digestibility 
of Bioplex
® Zn compared to ZnO is not possible to make without performing a 
proper bioavailability study and determining breakpoints wherein the 
dependent variables (ie, bone or plasma Zn concentration or Zn absorbed 
and retained) are regressed on supplemental Zn intake.      
1.7  STUDIES EXAMINING COPPER AND ZINC FED IN 
COMBINATION  
Aiming to evaluate the potential interactive or additive effects of growth 
promotional levels of Cu and Zn, Smith et al. (1997) performed four 
experiments supplementing 165 or 3000 mg/kg ZnO and 16.5 or 250 mg/kg 
CuSO4. They observed that supplementation of 3000 mg/kg ZnO with or 
without Cu improved growth during the first 2 weeks after weaning but in later 
stages seemed to be an interaction between Zn and Cu. Pigs fed the diet 
containing only Zn had greater ADG. It was concluded that the two minerals 
at high levels did not have an additive effect.  
 
A study performed by Hill et al. (1996) using similar Cu and Zn levels to 
Smith et al. (1997), found that pharmacological levels of Cu and Zn improved 
growth but the combination of both did not result in an additive growth 
response. Also, the known interactions Zn x Cu and Zn x Cu x Fe were 
documented. When high Cu was fed with high Zn, plasma Cu concentrations 
were lower than if high Cu was fed with adequate Zn, and plasma Zn and Fe Chapter 1: Literature Review  71
were higher than when these were fed separately. On the other hand, when 
Cu was fed in adequate concentration, regardless of the Zn level, plasma Fe 
was higher than with pharmacological concentrations of Cu and adequate Zn.  
 
Research with organic minerals has usually involved lower dietary levels (non 
pharmacological) and only in a few studies Cu and Zn have been included in 
combination in the diet. A study in weaning pigs found that a diet with 85 
mg/kg Cu and 60 mg/kg Zn in the forms of metal amino acid chelates or 
complexes (Cu-lys, Zn-met) maintained similar growth to that of pigs fed 170 
mg/kg Cu and 120 mg/kg Zn in the form of sulphates. There was also a 
higher Cu and Zn concentration in serum and lower levels in faeces in pigs 
fed organic forms than those receiving the inorganic sources (Lee et al., 
2001).  
 
A different approach was taken in a study supplementing Cu, Zn, Fe and Mn 
in the form of proteinate or sulphate at normal (15, 100, 100 and 40 mg/kg, 
respectively) or reduced levels (5, 25, 25 and 10 mg/kg, respectively) to pig 
diets from weaning to finishing and results did not show any differences in 
performance between treatments. Data also showed that mineral 
concentration in faeces was not only reduced by the lower mineral level in 
the diet but also by the inclusion of proteinate at reduced levels compared to 
the sulphate (Creech et al., 2004). In a similar study replacing 15-36% of the 
inorganic minerals (Fe, Zn, Mn, Cu, Se and I) in the mineral premix with 
proteinate forms increased ADG and gain:feed in weanling pigs (Veum et al., 
1995). Chapter 1: Literature Review  72
      
In growing and finishing pigs, a couple of studies by Fremaut (2003) feeding 
a diet containing all minerals (Zn, Fe, Mn and Cu) in the organic form 
(proteinate) at 30% of normal levels (36 mg/kg Zn, 39 mg/kg Fe, 18 mg/kg 
Mn and 7 mg/kg Cu), was associated with faster growth rate, compared to 
normal levels (120 mg/kg Zn , 130 mg/kg Fe, 60 mg/kg Mn and 20 mg/kg Cu) 
and 2 times the normal levels of Zn and Cu  in the inorganic and organic 
forms.  
1.8  EFFECT OF COPPER SUPLEMENTATION ON CARCASS 
AND MEAT QUALITY  
1.8.1 Carcass  quality 
Fat deposition in pigs is determined by numerous factors such as nutrition, 
sex, genetic background, ambient temperature, housing, age and liveweight 
and can be manipulated by some technologies such as porcine somatotropin 
(pST) and gonadotropin releasing hormone (GnRF) and ractopamine (RAC) 
vaccination (see review by Dunshea and D’Souza, 2003). This section only 
reviews a few studies where fat deposition has been studied as a response 
to Cu supplementation. To my knowledge Zn supplementation has not been 
identified to have an impact on carcass quality or meat quality.  
 
The benefits of supplementing Cu in cattle diets to reduce back fat deposition 
has been demonstrated (Engle and Spears, 2000; Engle, et al., 2000), with 
no difference between inorganic and organic forms, except for meat quality, 
where marbling was higher in steers supplemented with sulphate compared 
to citrate or proteinate (Engle, et al., 2000).  Chapter 1: Literature Review  73
In pigs, research results are inconclusive. Addition of 250 mg/kg CuSO4 in 
the diet tended to decrease back fat depth in growing pigs at 21, 28 and 35 
days (55.6 kg LW) of the 35-day study (Dove, 1992), and significantly reduce 
back fat thickness in finishing pigs at slaughter (aprox. 98 kg) (Kawas et al., 
1996). The use of organic Cu (Bioplex
®) tended to increase back fat depth 
(16 vs. 14.6 mm for organic vs. inorganic respectively) in growing and 
finishing pigs fed 7, 20, 40 mg/kg Cu compared to similar levels in the 
inorganic form (Fremaut, 2003). In another study using the same mineral 
form there was not any effect of feeding 100 mg/kg Bioplex
® Cu compared to 
20 or 200 mg/kg CuSO4 (Henman, 2001).  
 
The mechanism of action was not explored in the pig or cattle studies, but 
Engle and Spears (2000) suggested a reduction in fatty acid synthase, as the 
activity of this enzyme was found to be reduced in Cu supplemented poultry, 
where there was also a reduction in fat deposition (Konjufca et al., 1997; 
cited by Engle and Spears, 2000).  
1.8.2  Meat quality  
From the scarce literature, a study designed to measure the effect of the 
addition of CuSO4 (0, 25 or 175 mg/kg) in pig diets on meat quality attributes 
such as drip loss, colour stability and lipid oxidation, no negative influence of 
dietary CuSO4 supplementation was found (Jensen et al., 1998).  
1.9 CONCLUSIONS 
From this review of literature there is evidence that the use of organic 
minerals in pig diets offers potential for environmental sustainable use in the 
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performance and efficiency (Coffey et al., 1994; Zhou et al., 1994a; Veum et 
al.,, 1995), increased mineral stores (Apgar et al., 1995; Susaki et al., 1999; 
Schiavon et al., 2000) and apparent absorption/retention in the body (Veum 
et al., 2004). The inclusion of organic forms of Cu and Zn has also decreased 
mineral excretion when they replaced 50% of the level of sulphates in the 
premix (Creech et al., 2004) or when included at lower levels than inorganic 
forms, without reducing performance (Smits and Henman, 2000; Carlson et 
al., 2004; Mullan et al., 2002). However some balance studies have not 
shown a clear difference in absorption/retention between organic and 
inorganic Cu and Zn, suggesting that the amount of minerals excreted is 
reflective of dietary concentration and independent of the mineral form 
(Apgar and Kornegay, 1996; Ahn et al., 1998; Case and Carlson, 2002; 
Carlson,  et al., 2004), The positive responses to the inclusion of organic 
minerals have not always been evident and many questions remain 
regarding the mechanism(s) of action of organic Cu and Zn, their 
bioavailability and their optimum levels of inclusion in pig diets, which are 
crucial for recommendations on their use.      
 
The most accepted hypothesis, although not clearly demonstrated, regarding 
the mechanism of action of organic complexes relates to the use of a peptide 
uptake mechanism through the intestine as an intact molecule rather than a 
normal metal ion uptake. In this way the mineral might be better protected by 
the amino acid or peptide-ligands making the metal not susceptible to 
interaction with other minerals or indigestible compounds in the intestinal 
lumen (Ashmead, 1993). Therefore if both Cu and Zn are fed simultaneously Chapter 1: Literature Review  75
in the organic form there is likely to be less chance of antagonism than 
feeding one mineral at a time (due to the multiple interactions in which each 
mineral is involved), which might be reflected in improved performance 
and/or mineral status in the pigs and/or reduced concentration of Cu and Zn 
in faecal material when pigs are fed organic forms instead of inorganic.         
 
The purpose of this project was to significantly reduce the concentration of 
Cu and Zn in faecal material from growing/finishing pigs, by including organic 
instead of inorganic forms of these minerals in the diet, while maintaining 
performance and a normal mineral status in the pigs. The general hypothesis 
tested in this thesis was that concentrations of Cu and Zn in faecal material 
would be reduced when fed in an organic (Bioplex
®) form instead of an 
inorganic form (sulphates) without compromising performance or mineral 
homeostasis in growing/finishing pigs, because the organic forms of Cu and 
Zn are more available to the pig.  
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  CHAPTER 2: INFLUENCE OF THE FORM AND 
INCLUSION LEVEL OF COPPER AND ZINC ON PIG 
PERFORMANCE AND FAECAL EXCRETIONS  
2.1 INTRODUCTION   
The inclusion of pharmacological levels of inorganic Cu and Zn in diets for 
pigs, has usually been beneficial for pig performance (Roof and Mahan, 
1982; Mavromichalis et al., 2000; Hill et al. 2001; Case and Carlson, 2002) 
and control against enteric diseases such as colibacillosis in recently weaned 
pigs (Poulsen, 1989 cited by Case and Carlson, 2002; Katouli et al., 1999). 
However, high levels of dietary Cu and Zn are causing mineral accumulation 
in soils (Jongbloed and Henkens, 1996), and hence is a non-sustainable 
practice from an environmental perspective.  
 
Alternatively, organic complexes of Cu and Zn have shown to improve 
performance (Coffey et al., 1994; Zhou et al., 1994a; Veum et al., 1995) and 
increase mineral absorption and retention in the body in weanling (Apgar et 
al., 1995; Schiavon et al., 2000; Veum et al., 2004) and growing pigs (Susaki 
et al., 1999) when included at similar levels to inorganic sources. A reduction 
in mineral excretion has also been achieved using organic complexes of Cu 
and Zn, when replacing 50% of the level of sulphates in the premix (Creech 
et al., 2004) or by including them at lower dietary levels than those in the 
inorganic forms, without negatively affecting growth (Smits and Henman, 
2000; Mullan et al., 2002). However, some balance studies have shown that 
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independent of the mineral form (Apgar and Kornegay, 1996; Ahn et al., 
1998; Case and Carlson, 2002; Carlson, et al., 2004). 
  
Most of the experiments studying the effect of Cu and Zn supplementation 
have been performed in weanling pigs and since young pigs may absorb 
higher levels of dietary minerals than older pigs (Apgar and Kornegay, 1996), 
information from weanling pigs cannot be extrapolated to growing pigs. Also, 
Cu and Zn have been usually studied separately, but as mentioned in the 
Literature Review if the antagonism between minerals is reduced when 
organic forms are used, then feeding Cu and Zn simultaneously will reduce 
the interactions even more. Less mineral interactions in the gastrointestinal 
tract means less amount of minerals excreted and higher amounts available 
for absorption, which might improve pig performance and mineral status 
and/or allow a reduction in the inclusion levels of Cu and Zn in pig diets.   
 
Therefore, the hypotheses for this experiment were that: 
a)  The performance of growing pigs fed Cu and Zn simultaneously in the 
organic form (Bioplex
®) will be higher than that of pigs fed Cu and Zn 
in the inorganic form (sulphate); 
b)  The mineral status of growing pigs fed Bioplex
® Cu and Zn will be 
higher than that of pigs fed sulphates;  
c)  The concentration of Cu and Zn in faecal material in growing pigs will 
be less when Bioplex
® Cu and Zn are fed rather than the sulphates.  
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The purpose of this experiment was to compare the effects of replacing Cu 
and Zn sulphates with Bioplex
® Cu and Bioplex
® Zn on performance, mineral 
status, mineral concentration in faecal material and apparent digestibility 
coefficients for these minerals fed simultaneously to growing/finishing pigs at 
two levels of inclusion.  
2.2  MATERIALS AND METHODS 
2.2.1 Animals  and  housing 
Forty Large White x Landrace female pigs of similar age were used in this 
experiment. The pigs were obtained from a commercial piggery (Wandalup 
Farms Pty Ltd) and brought to the Medina Research Station (Western 
Australia Department of Agriculture) at the time of weaning (approximately 21 
days of age, average live weight (LW) 6.5 kg). Upon arrival, the pigs were 
group housed in a controlled-environment weaner room, in 3.3 m x 1.2 m 
pens (3.96 m
2 area) with 60% slatted floors, a 1.15 m long feeder and 2 
nipple drinkers in each pen. Pigs were allocated in groups of 10 per pen, 
allowing 0.4 m
2 floor space and 11.5 cm feeder space per pig. 
 
Pigs were fed ad libitum a pelleted commercial weaner diet (SupaCreep, 
Wesfeeds, Perth, WA) until they reached the appropriate weight to start the 
experiment (16 kg LW approximately). Water was available at all times. 
 
At approximately 16 kg (LW), the pigs were moved to a naturally-ventilated 
experimental grower/finisher shed and individually housed in pens. Pens 
measured 1.8 m x 0.9 m with fully slatted floors, a 24 cm wide feeder and a 
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2.2.2  Experimental design and diets 
In Australia it is common to include 100 mg/kg Zn and 125 to 200 mg/kg Cu 
as a growth promoter in the diets of growing pigs, whereas in Europe the 
maximum inclusion level allowed for Zn is 150 mg/kg Zn and only 25 mg/kg 
Cu. If the industry is to start using organic minerals such as those in the 
Bioplex
® form, we need to be certain that there is no reduction in 
performance in modern genotypes. It was then decided to study total dietary 
levels of 160 mg/kg of both Cu and Zn and reduce them by half in the low 
treatments.  
 
This experiment was designed as a 2x2 factorial arrangement of treatments. 
The two variables were (a) mineral form (organic vs. inorganic) and (b) 
inclusion level (high vs. low) with the four treatments listed in Table 2.1. 
 
Table 2.1. Planned concentration of Cu and Zn in dietary treatments. 
Diet code  Diet name  Concentration (mg/kg)* 
LS  Low Sulphate  80 Cu and 80 Zn 
LB Low  Bioplex
®  80 Cu and 80 Zn 
HS  High Sulphate  160 Cu and 160 Zn 
HB High  Bioplex
®  160 Cu and 160 Zn 
* Refers to concentration of elemental Cu and Zn, included in the form of sulphate or Bioplex
® according to 
treatments. 
 
Pigs on each treatment were fed the same base diet within the experiment 
for each phase of growth (Table 2.2). Pigs were fed three diets over the live 
weight range of 16 – 95 kg: Grower 1 (approximately 16-33 kg LW), Grower 2 
(approximately 33-67 kg LW) and Finisher (approximately 67-95 kg LW) 
diets.  
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Table 2.2. Composition of experimental diets (g/kg).     
 Diet 
Ingredient Grower  1  Grower 2  Finisher 
Wheat 570  200  - 
Barley  120 506 630 
Lupins  150 200 240 
Meat  Meal  50%  50 50 96 
Fish Meal 65%  50  -  - 
Blood Meal 85%  25  25  - 
Celite 20  -  20 
Canola  Oil  10 10 10 
Limestone -  2.2  - 
Mineral/Vitamin Supplement*†  1.0 1.0 1.0 
Salt  1.0 1.0 1.0 
L-Lysine  1.3 1.1 0.6 
DL-Methionine  0.5 0.7 0.4 
L-Threonine 0.5  0.1  - 
Choline  Chloride  0.4 0.4 0.4 
Dicalcium Phosphate  0.4      3.1  - 
 Calculated  nutrient  composition 
DE  (MJ/kg)  14.0 13.3 12.9 
Avail Lysine/MJ DE  0.70  0.60  0.56 
Crude protein (g/kg)  208  183  191 
* Provided the following nutrients (per kg of air-dry diet): Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 
1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 g, Calcium pantothenate 25 mg, Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 g.  
Minerals: Cobalt 0.5 mg (as cobalt sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as Ferrous 
sulphate), Manganese 100 mg (as manganous oxide), Selenium 0.5 mg (as sodium selenite). Premix supplied by 
Adisseo Australia P/L, Queensland, Australia.  
†Inclusion of Cu and Zn according to treatment levels. See Table 2.3. 
 
The mineral supplement incorporated in the diets was similar to commercial 
practice (BioJohn Grower #1 Vit/Min pmx. Product Code: 84139100), but did 
not contain any Cu or Zn. Copper sulphate  pentahydrate and ZnSO4 
monohydrate, or Bioplex
® Cu (Cu proteinate amino acid chelate, Alltech 
Biotechnology P/L. Victoria, Australia.) and Bioplex
® Zn (Zn proteinate amino 
acid chelate, Alltech Biotechnology P/L. Victoria, Australia) were 
supplemented according to their required levels in each dietary treatment 
(Table 2.3).  The concentration of active Cu and Zn in each mineral product 
is shown in Table 2.4. Diets were manufactured at the Medina Research 
Station (WA Department of Agriculture, Medina, WA). Celite
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digestible marker, was added to all diets at 20 g/kg for determination of 
apparent digestibility coefficients by the indicator method (Maynard et al., 
1979). 
 
Table 2.3. Addition of sulphates and Bioplexes
® in experimental diets (mg/kg). 
 
Treatment CuSO4 Bioplex  Cu* ZnSO4 Bioplex  Zn* 
LS  200  102  
LB   500    232 
HS  400  294  
HB   998    665 
* Equal amounts of sulphates or Bioplexes
®  were added to grower 1, grower  2 and finisher diets. 
 
 
Table 2.4. Concentration of active Cu and Zn in mineral products (g/kg). 
Mineral supplement  Active Cu    Active Zn  
Copper sulphate pentahydrate  250   
Zinc sulphate monohydrate    340 
Bioplex
® Cu  100   
Bioplex
® Zn    150 
 
2.2.3  Allocation of pigs, feeding and sample collection 
On day 0 of the experiment (16 kg LW), the pigs were weighed, ear tagged, 
stratified according to their LW and randomly allocated to one of the four 
treatments.  
 
Pigs were fed twice per day and always had feed available in the feeder. 
Feed refusals were measured and recorded every week. Measurements of 
LW, feed intake (FI) and feed conversion ratio (FCR) were made weekly on 
an individual basis.  
 Chapter 2: Influence of the form and level of Cu and Zn on performance and excretions  82
On days 14 and 70 of the experiment (approx. 25  and 80 kg LW, 
respectively) all pigs were bled via jugular venipuncture into 10 ml Li-heparin 
tubes (BD vacutainer LH 170 I.U. 10 ml Ref. 368484). Blood samples were 
kept chilled until submission to the Animal Health Laboratories (AHL, WA 
Department of Agriculture, Perth, Australia) where the sample preparation 
and all mineral analyses were performed.  
 
Faecal “spot” samples (approx. 200 g) were taken from each pig once a 
week throughout the experiment to determine the pattern of mineral 
excretion. These samples were stored in sealed plastic jars and frozen at –
20ºC.  
 
On days 35 and 70 of the experiment (approx. 46 and 80 kg LW, 
respectively), “grab” faecal samples were taken from each pig over four 
hours (approx. 500 g) on three consecutive days to determine apparent 
digestibility coefficients for Cu and Zn. The samples from each pig were 
mixed per day and then the samples from the three days mixed again. A sub-
sample was then taken and frozen at –20ºC until analysis for mineral and 
Celite
® determination. Feed was also sampled at the same time and sub-
sampled for later analysis.  
  
All pigs were slaughtered on the same day at approximately 93-98 kg LW at 
a commercial abattoir (PPC Wholesale Foodservices, Wooroloo, WA), as 
commercial procedures. Carcass weight (AUSMEAT trim 13; head off, flare 
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from the midline over the last rib) (Hennessy Grading Probe 4) were 
measured by abattoir staff as per normal commercial practice. On the 
production line, one foretrotter per pig and the abdominal viscera from each 
pig were collected and taken to the post-mortem room at the WA Department 
of Agriculture, where approximately 200g samples of liver, kidney, pancreas 
and 30 cm small intestine (duodenum) were taken. These samples were 
immediately frozen at -20ºC for later mineral analysis.   
2.2.4 Measurements  on diets and samples 
2.2.4.1 Determination of Cu and Zn 
Upon arrival at the AHL, samples were prepared according to standard 
protocols used in the laboratory. In general, blood was centrifuged at 3000 
rpm for 15 min and the plasma separated. Feed was analysed on as-
received basis. Faecal samples were thawed and a sub-sample taken 
(approx. 10 g), dried at 110ºC overnight and grounded before analysis. 
Tissue samples (liver, kidney and pancreas) were thawed, rinsed with 
distilled water and thin slices taken and dried overnight at 110ºC. Bone 
samples were cut from the foretrotters with a band saw and all muscular 
tissue and the bone marrow thoroughly removed. A piece of approximately 3 
g of bone was dried at 110ºC overnight, de-fatted with diethyl ether by 
changing the liquid for 3 consecutive nights and then dried again. 
Determination of Cu and Zn concentration in all samples was performed by 
atomic absorption spectrophotometry (AAS), using a Varian Spectra AA 400 
Atomic Absorption Spectrophotometer. 
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2.2.4.2 Determination of dry matter (DM) 
Dry matter content in feed and faecal samples was determined using the 
AOAC official method 930.15 (AOAC, 1997). Except that 0.5g samples were 
used instead of 2 g samples (Kim, 2003).   
2.2.4.3 Determination of acid insoluble ash (Celite
®) content 
Feed and faecal samples collected for determination of digestibility 
coefficients for Cu and Zn were thawed, freeze dried and grounded before 
analysis. Acid insoluble ash (Celite
®) content of feed and faecal samples was 
determined using the method described by Choct and Annison (1990).  
2.3  STATISTICAL ANALYSIS  
Data were analysed using the ANOVA procedures of Stat View (StatView 5.0 
for windows, AddSoft Pty. Ltd., Woodend, Vic., Australia). The experimental 
unit was each pig and the statistical significance was accepted at P<0.05. 
Fishers’s-protected LSD comparisons were used (at 5% significance level) 
for comparisons between significantly different mean values of the different 
variables.  
2.4 RESULTS 
The actual Cu and Zn concentration in the experimental diets (Table 2.5) 
were reasonably close to the planned levels (Table 2.1). 
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Table 2.5. Measured concentration of Cu and Zn in grower 1, grower 2 and finisher 
experimental diets (mg/kg, as-received).  
 
 Diet 
Treatment Grower  1  Grower 2  Finisher 
  Cu Zn Cu Zn Cu Zn 
LS  74 69 78 84 76 78 
LB  51 66 78 83 77 86 
HS  112 130 189 149 168 156 
HB  124 158 167 168 187 173 
 
 
 
2.4.1 Pig  performance 
2.4.1.1 Growing phase 
Live weight at the start and at the end of the growing phase was not 
significantly different between treatments (P>0.05) (Table 2.6). During the 
growing phase (16-67 kg LW) there was no significant difference in feed 
intake or FCR according to either mineral form or level of inclusion in the diet 
(P>0.05). There was a significant interaction between mineral form and     
inclusion level on ADG (P=0.042). Pigs fed HS had similar (P>0.05) ADG to 
pigs fed LB and HB. The ADG of pigs fed LS was lower (P=0.042) than pigs 
fed HS, but similar to pigs fed LB and HB. There was a trend for the pigs fed 
the LB or HS diets to have a higher feed intake but this was not statistically 
significant (P=0.069). There was no significant difference between treatments 
in FCR (P>0.05) (Table 2.6). 
2.4.1.2 Finishing phase 
There was a significant interaction between mineral form and inclusion level 
for live weight at the end of the experiment (P=0.004) (Table 2.6). Pigs fed 
LB had a similar (P>0.05) live weight to pigs fed HS. The live weight of pigs  
Table 2.6. Influence of the form and level of Cu and Zn supplementation on performance of growing and finishing pigs. 
 
 Concentration
1              
- Copper  Low  Low  High  High      P=   
- Zinc  Low  Low  High  High    Inclusion  Mineral   
Mineral form  Sulphate  Bioplex
® Sulphate  Bioplex
® SED
2  level  form  IL x MF 
n=  10 10 10  10        
Live weight (kg)              
- Weaning (21days of age)   6.4 6.5 6.5  6.5   0.742  0.654  0.531 
- Start (45 days of age)  16.4  16.4 16.2  16.3  1.051  0.728  0.891  0.992 
- 8 weeks (101 days of age)  65.5 68.5 68.4  66.2  3.346  0.847  0.816  0.09 
- Final (134 days of age)  93.0
c 99.1
b 98.5
ab 93.9
ac 3.793 0.947  0.668  0.004 
Average daily gain (g/d)              
- Growing phase (0-8 weeks)  878 
a 929 
ab 932 
b 891 
ab 49.52 0.718  0.824  0.042 
- Finishing phase (8-13 weeks)  834
 a  932
 b 910
 b 840
 a 44.52  0.714  0.488 0.0002 
- Overall (0-13 weeks)  861
 a 930
 b 924
 b 872
 a 38.27  0.878  0.643 0.0014 
Voluntary feed intake (kg/d)              
- Growing phase (0-8 weeks)  2.29 2.36 2.42  2.29  0.118  0.636  0.586  0.069 
- Finishing phase (8-13 weeks)  3.24
 b 3.24
 b 3.33
 b 3.01
 a 0.143  0.275  0.024  0.018 
- Overall (0-13 weeks)  2.64
 ab 2.69
 ab 2.75
 b 2.56
 a 0.105  0.797  0.131  0.014 
Feed conversion ratio              
- Growing phase (0-8 weeks)  2.62 2.55 2.60  2.58  0.124  0.943  0.422  0.724 
- Finishing phase (8-13 weeks)  3.89
 b 3.49
 a 3.66
 ab 3.59
 a 0.186  0.414  0.008  0.055 
- Overall (0-13 weeks)  3.07
 b 2.90
 a 2.98
 ab 2.94
 ab 0.124 0.622  0.062  0.274 
Carcass quality              
- Hot carcass weight (kg)  64.8
b 69.0
 a 68.5
 ab  65.8
 ab 3.04 0.832  0.609 0.020 
- Dressing percentage (%)  69.7  69.6 69.7  70.1  1.10  0.588  0.793  0.666 
- Subcutaneous fat depth P2(mm)*  14.4
 a 11.6
 b 13.5
 a 11.9
 b 1.52  0.686  0.003 0.401 
 
1 Refer to Table 2.5 for the concentration of Cu and Zn in the diets.
 
2 SED: Standard error of difference between means. 
a, b, c Means with a common superscript are statistically similar (P>0.05)  
n= Number of pigs/treatment.  
*: Means adjusted for hot carcass weight as a covariate 
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fed LS was lower (P=0.004) than pigs fed LB and HS, but similar to pigs fed 
HB (P>0.05).       
 
During the finishing phase (67-95 kg LW) there was no significant main effect 
of inclusion level or mineral form for ADG, however, there was a significant 
interaction between the two (P=0.0002).  Pigs fed LB or HS had a greater 
ADG (932 and 910 g/day, respectively), compared to pigs fed LS or HB (834 
and 840 g/d, respectively). There was also a significant interaction between 
mineral form and inclusion level for feed intake (P=0.018), it was significantly 
lower when fed in the Bioplex
® form at the high level than when fed as 
Bioplex
® at the low level or in the form of sulphate.  
 
There was a significant  main effect of mineral form for FCR (P=0.008) (Table 
2.6). Pigs fed LB had a similar (P>0.05) FCR to pigs fed HS and HB. The 
FCR of pigs fed LS was lower (P=0.008) than pigs fed LB and HB, but similar 
to pigs fed HS. 
2.4.1.3 Whole-of-experiment phase 
Over the combined experimental periods (16-95 kg LW), there was a 
significant interaction between mineral form and level of inclusion for ADG 
(Table 2.6). Pigs fed LB or HS grew faster (930 and 924 g/day, respectively, 
P=0.0014) compared to pigs fed LS or HB (861 and 872 g/day, respectively). 
There was a significant interaction between mineral form and inclusion level 
for feed intake (Table 2.6). Pigs fed HS had a similar (P>0.05) feed intake to 
pigs LS or LB. The feed intake of pigs fed HB was lower (P=0.014) than pigs 
fed HS, but similar to pigs fed LS and LB. There was a trend for improved Chapter 2: Influence of the form and level of Cu and Zn on performance and excretions  88
FCR with the addition of Bioplex
® in the diet (2.92 vs 3.03, P=0.062) (Table 
2.6).    
2.4.2 Carcass  quality 
At slaughter there was a significant interaction between mineral form and 
inclusion level on carcass weight (P=0.02) (Table 2.6). Carcass weights from 
pigs fed LB were similar (P>0.05) to pigs fed HS and HB. The carcass weight 
of pigs fed LS was lower (P=0.02) than pigs fed LB, but similar (P>0.05) to 
pigs fed HS and HB. Experimental diets did not have any influence on 
dressing percentage (P>0.005) (Table 2.6).  
 
There was a statistical significant difference between Bioplex
®- and Sulphate-
fed pigs on subcutaneous fat deposition at the P2 site when carcass weight 
was (P=0.003) or not included as a covariate (P=0.016) in the statistical 
analysis (Table 2.6). 
2.4.3  Blood mineral levels 
2.4.3.1 Copper levels in plasma  
Copper concentrations in plasma were considered normal (1.3 - 3.00 ppm; 
Puls, 1994) and not affected by neither the mineral form nor the inclusion 
level (P>0.05) in any of the experiment phases (Table 2.7). 
2.4.3.2 Zinc levels in plasma 
Zinc concentrations in plasma from pigs fed LB or HS diets, fell within the 
normal physiological range, while samples from pigs fed LS or HB were 
considered higher than normal values (0.5 – 1.5 µg/ml; Keen and Graham,  
Table 2.7: Influence of the form and level of Cu and Zn supplementation on plasma and tissue mineral levels and apparent digestibility coefficients. 
Concentration
1                   
- Copper  Low  Low  High  High      P =   
- Zinc  Low  Low  High  High    Inclusion  Mineral   
Mineral form  Sulphate  Bioplex
® Sulphate  Bioplex
® SED
2  level  form  IL x MF 
n=  10 10  10  10         
Plasma concentration (mg/L)                
Growing phase (Day 14 of the exp.)                 
- Cu  1.92  1.87  1.81  1.94 0.167  0.809 0.609  0.290 
- Zn  1.68
 a 1.42
 b 1.45
 b 1.69
 a 0.141  0.753  0.812  0.001 
Finishing phase (Day 70 of the exp.)                 
- Cu  2.01  2.10  2.03  2.19 0.163  0.527 0.123  0.633 
- Zn   1.49  1.46  1.34  1.38 0.124  0.068 0.945  0.554 
Tissue levels (mg/kg DM)                
Liver                
- Cu  24
 b 23
 b 26
 ab 29
 a 3.5  0.017  0.685 0.128 
- Zn  227  221  229  230  27.8  0.688  0.869  0.805 
Kidney                
- Cu  33  31  33  37  6.2  0.283  0.672  0.284 
- Zn  151  156  153  155  13.8  0.969  0.580  0.802 
Pancreas                                
- Cu  5  5  5  5  0.5  0.751  0.170  0.765 
- Zn  122
 ab 143
 a 134
 ab 115
 b 19.2  0.341 0.877  0.029 
Bone                
- Zn    164
 a 146
 b 158
 ab 165
 a 11.1  0.249 0.265  0.020 
Faecal levels (mg/kg DM)                 
Growing phase (Day 35 of the exp.)                 
- Cu  223
 b 232
 b 480
c 413
 a 46.3  <0.0001  0.177  0.082 
- Zn  272
 b 278
 b 513
 a 515
 a 44.5  <0.0001  0.852  0.923 
Finishing phase (Day 70 of the exp.)                 
- Cu  205
 b 193
 b 365
 a 345
 a 33.3  <0.0001  0.301  0.783 
- Zn  247
 b 264
 b 444
 a 490
 a 43.2  <0.0001  0.120  0.460 
Apparent digestibility coef. (%) 
3                
Dry matter  - Day 35 of the exp.  65.9
 a 67.5
 a 71.1
 b 72.2
 b 2.51  <0.0001  0.243 0.822 
                   - Day 70 of the exp.  71
 a 68.7
 ab 67.6
 b 63.7
 c 2.11  <0.0001  0.002 0.383 
Cu              - Day 35 of the exp.  21.3
 bd 12.5
 c 15.6
 bc 48.4
 a 3.56  <0.0001  <0.0001  <0.0001 
                   - Day 70 of the exp.  -15.5
 b 5.2
 c 16.6
 a 10.2
 ac 6.11  <0.0001  0.042 0.0005 
Zn               - Day 35 of the exp.  11.5
 a 6.4
 b -3.8
 c 44.1
 d 2.71  <0.0001  <0.0001  <0.0001 
                   - Day 70 of the exp.  3.4
 ac -2.1
 bc -11.2
 b 12.5
 a 5.89  0.9995  0.0097  <0.0001 
1 Refer to Table 2.5 for the concentration of Cu and Zn in the diets.
2 SED: Standard error of difference between means. 
3 Data from samples collected at 46 and 80 kg LW (growing and finishing phases, respectively). 
a, b, c, d,e Means with a common superscript are statistically similar (P>0.05)  n= Number of pigs sampled/treatment
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1989), on day 14 of the experiment (Table 2.7). On day 70 of the experiment, 
plasma  samples were within the normal physiological range. On day 14 of 
the experiment, there was a significant interaction between mineral form and 
inclusion level for plasma Zn with pigs from LB and HS treatments having 
lower Zn concentration in plasma (1.42  and 1.45 mg/L, respectively) than 
pigs fed either the LS or HB diets (1.68 and 1.69 mg/L, respectively) 
(P=0.001). On day 70 of the experiment, there was a trend for lower Zn 
concentration in plasma when high levels of these minerals were included in 
the diet (1.36 and 1.47 for high and low treatments, respectively) (P=0.068) 
(Table 2.7). 
2.4.4  Tissue mineral levels 
2.4.4.1 Copper levels in liver 
Concentrations of Cu in liver were within the normal range (19 – 94 ppm DW; 
Puls, 1994). There was a main effect of inclusion level on Cu concentration in 
liver, regardless of the mineral source (P=0.017) (Table 2.7). Pigs fed HB 
had similar (P>0.05) concentration of Cu in liver to pigs fed HB. The 
concentration of Cu in liver of pigs fed LS and LB was similar (P>0.05) to 
pigs fed HS, but lower (P=0.017) to pigs fed HB.  
2.4.4.2 Zinc levels in liver 
Concentrations of Zn in liver were within the normal range (150 – 338 ppm 
DW; Puls, 1994) and not affected by any of the dietary treatments (P>0.005) 
(Table 2.7).  
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2.4.4.3 Copper levels in kidneys 
Copper levels in kidneys were considered high compared to normal 
physiological levels (26 – 30 ppm DW; Puls, 1994) and were not influenced 
by any of the experimental diets (P>0.005) (Table 2.7). 
2.4.4.4 Zinc levels in kidneys 
Pigs from all treatments had higher than normal concentration of Zn in 
kidneys (56 and 112 ppm DW; Puls, 1994). There was no influence of 
mineral form or inclusion level on Zn concentration in kidneys (P>0.005) 
(Table 2.7).  
2.4.4.5 Copper levels in pancreas 
Copper levels in pancreas were considered high compared to normal 
physiological levels (3.75 – 4.5 ppm DW; Puls, 1994) and were not 
influenced by the dietary treatments (P>0.005) (Table 2.7). 
2.4.4.6 Zinc levels in pancreas 
Concentrations of Zn in pancreas were low in LS- and HB-fed pigs, but 
normal in LB- and HS-fed pigs compared to normal physiological levels (131 
– 150 ppm DW; Puls, 1994). There was a significant interaction between 
mineral form and inclusion level on zinc content in pancreas (P=0.029) 
(Table 2.7). Pigs fed LB had a similar (P>0.05) Zn concentration in pancreas 
to pigs fed LS and HS. The concentration of Zn in pancreas of pigs fed HB 
was lower  (P=0.029) than pigs fed LB, but similar (P>0.05) to pigs fed LS or 
HS.  
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2.4.4.7 Zinc levels in bone 
Zn levels in bone were normal in LB-fed pigs but high in pigs from the other 
treatments compared to normal physiological levels (95 – 146 ppm DW; Puls, 
1994). A significant interaction between mineral form and inclusion level also 
existed for the Zn level in bone (P=0.02) (Table 2.7). Pigs fed LS had a 
similar (P>0.05) concentration of Zn in bone to pigs fed HS and HB. The 
content of Zn in bone from pigs fed LB was lower (P=0.02) than pigs fed LS 
but similar (P>0.05) to pigs fed HS. 
2.4.5  Faecal mineral concentrations  
The concentration of Cu and Zn in faeces of pigs measured at weekly 
intervals (2-10 experimental weeks) is shown in Figures 2.1 and 2.2. Data 
from samples collected on day 35 and 70 of the experiment (46 kg LW and 
80 kg LW, respectively) showed no significant differences in the 
concentration of Cu and Zn between pigs fed organic vs. inorganic forms 
(P>0.05) (Table 2.7). However, there was a significant influence of the 
dietary level of inclusion of Cu and Zn in faeces, in both collections 
(P<0.0001). Pigs fed high levels of Cu and Zn excreted significantly more 
(approx. 2 fold) than those fed low levels. Only on day 35 of the experiment, 
at high levels of inclusion, there was a significant difference between mineral 
forms. HS-fed pigs excreted more Cu than those fed HB (Table 
2.7).Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  93
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 Figure 2.1. Concentration of Cu in faeces of pigs measured at weekly intervals during 
the experiment (mg/kg DM). 
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Figure 2.2. Concentration of Zn in faeces of pigs measured at weekly intervals during 
the experiment (mg/kg DM). 
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2.4.6 Apparent  digestibility  coefficients for dry matter, Cu and Zn 
The apparent digestibility of dry matter from samples collected on day 35 of 
the experiment was influenced by the level of Cu and Zn in the diet 
(P<0.0001) (Table 2.7). Pigs fed high levels of minerals had a higher 
digestibility of dry matter (71.7 vs. 66.7; for high and low inclusion levels, 
respectively). In samples collected on day 70 of the experiment, both the 
form of the mineral (P= 0.002) and the level of mineral inclusion (P<0.001) 
influenced dry matter digestibility (Table 2.7). The sulphate form (69.3 vs. 
66.2; for sulphate and Bioplex
®, respectively) and the low level of inclusion 
(69.8 vs. 65.6 for low and high, respectively) resulted in higher dry matter 
digestibility values. 
 
There were significant interactions between mineral form and inclusion level 
for Cu and Zn digestibility coefficients, during both collections (P<0.05) 
(Table 2.7). On day 35 of the experiment, apparent digestibility coefficients 
for Cu were similar (P>0.05) for LB and HS pigs. Pigs fed LS had higher 
apparent digestibility coefficients for Cu (P<0.001) than LB fed pigs, but 
similar (P>0.05) to HS fed pigs. Apparent digestibility coefficients for Cu were 
higher (P<0.001) in HB fed pigs than pigs fed LS, LB and HS. On day 70 of 
the experiment, apparent digestibility coefficients for Cu were similar 
(P>0.05) for LB and HB fed pigs. HS fed pigs had higher (P=0.0005) 
apparent digestibility coefficients for Cu than LS and LB, but similar to HB. 
Apparent digestibility coefficients for Cu were lower (P=0.0005) in LS fed pigs 
than LB, HS or HB fed pigs. In the case of Zn digestibility coefficients, on day 
35 of the experiment, pigs fed HS showed lower, even negative coefficients 
(–3.8%) than pigs fed LS, LB or HB (11.5, 6.4 and 44.1%). On day 70 of the Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  95
experiment, apparent digestibility coefficients for Zn were similar (P>0.05) for 
LB (-2.1%) and HS-fed pigs (-11.2%). Coefficients for pigs fed HB (12.5%) 
were higher (P<0.0001) than pigs fed LB or HS, but similar (P>0.05) to pigs 
fed LS (3.4%).  
2.5 DISCUSSION 
2.5.1 Pig  performance 
In the current study pigs-fed “low” levels of Bioplex
® Cu and Zn (30 and 60 
mg/kg for Cu and Zn respectively) had a growth rate similar to that of pigs fed 
the HS diet (160 mg/kg of both Cu and Zn) during the whole experimental 
period. LB- and HS-fed pigs were approximately 5.3 kg heavier than pigs fed 
LS or HB at slaughter. These data agree with other studies where pig 
performance was maintained by the inclusion of lower levels of organic 
minerals in weanling pigs (Carlson,  2000; Veum et al., 2004) and in growing 
and finishing pigs (Smits and Henman, 2000). However, the performance of 
pigs from LB and HS treatments could have also been influenced by external 
mineral sources, according to the low or negative digestibility coefficient 
values for Zn in the pigs from those treatments, which is discussed later 
(section 2.5.3).  
 
Interestingly, feeding high levels of Bioplex
® in the diet caused a decrease in 
ADG by 8%, which agrees with Fremaut (2003) who found an improvement 
in weight gain up to a dietary Zn level of 120 mg/kg Bioplex
®, but then there 
was a decrease when the diet concentration was raised to 240 mg/kg in 
growing and finishing pigs. In a similar study with Bioplex
® Cu, the ADG was 
not affected by the increase in the dietary mineral levels (Fremaut, 2003). Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  96
However, Mullan et al. (2002) reported statistically greater growth rates when 
the level of Bioplex
® Zn was increased from 100 mg/kg up to 250 mg/kg Zn in 
weaner pigs. These differences in the results might be due to differences in 
mineral requirements between weaner and grower/finisher pigs and/or the 
possible higher mineral absorption by young pigs compared to old pigs 
(Apgar and Kornegay, 1996).  Results from this experiment suggest that 
Bioplex
® Cu and Zn met the requirements of growing/finishing pigs at lower 
levels than the sulphates, which is reflected in an improved ADG at low levels 
of inclusion but not at high levels.     
 
In the present experiment there was not a clear effect of mineral form or 
inclusion level on feed intake, with feed intake tending to be higher (P=0.014) 
for both levels of Sulphate and for the LB treatment. However, increased feed 
intake has been observed in several studies where high levels of Cu or Zn in 
the diet have resulted in an improved growth rate (Hahn and Baker, 1993; 
Zhou et al., 1994a; Hill et al., 2001), and also where pigs have been fed 
chelates over their counterparts fed inorganic sources (Coffey et al., 1994). 
Results from this experiment did not show a relationship between feed intake 
and growth promotion. In addition, there was an indication that Bioplex
® Cu 
and Zn may improve utilisation of feed by pigs (P=0.062) in this experiment, 
which agrees with the beneficial effect of including Zn-methionine compared 
to ZnSO4 at the same levels in a study by Hahn and Baker (1993) in 
weanling pigs.  Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  97
2.5.2 Carcass  quality 
The reduction of approximately 2.2 mm in subcutaneous fat thickness at the 
P2 site in Bioplex
®-fed pigs is an exciting finding because fat depth forms 
part of the basis of the payment schedule to pig producers in Australia. Some 
research has found that the use of this organic (Bioplex
®) form of Cu tended 
to increase P2  fat depth in the carcass (Fremaut, 2003). However, other 
literature reported a similar decrease in subcutaneous fat when growing pigs 
were fed 250 mg/kg of CuSO4 (Dove, 1992; Kawas et al., 1996) or when 
cattle were fed supplemental Cu (20 mg/kg) (Engle and Spears, 2000). The 
mechanism(s) behind this was/were not explored in the pig or cattle studies 
but Konjufca et al., (1997; cited by Engle and Spears, 2000) found that the 
activity of fatty acid synthase, an enzyme involved in lipogenesis, was 
reduced in Cu-supplemented poultry where there was also a reduction in fat 
deposition. Further research is warranted in an effort to understand the 
biological reason(s) for any difference in P2  fat depth as a response to 
different levels and forms of Cu and Zn in growing/finishing pigs. 
2.5.3  Copper and zinc metabolism 
Although in the first bleed the concentration of Zn in plasma from pigs fed LS 
and HB was higher than the levels in LB and HS-fed pigs, these higher Zn 
plasma levels did not improve ADG as the LB and HS treatments did. Hahn 
and Baker (1993) found a relationship between plasma Zn and ADG in 
weanling pigs where weight gain tended to be higher when plasma Zn values 
were between 1.5 and 3 mg/L. Levels of Zn in plasma outside this range did 
not demonstrate efficacy in improving growth. Since the mineral requirements 
of growing pigs are lower than those of weanling pigs, the threshold in Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  98
plasma Zn to improve growth might be lower for growing pigs and may be 
around <1.6 mg/L, according to the results from this experiment. 
 
The reason(s) behind the interaction between mineral form and inclusion 
level for Zn in plasma, pancreas and bone is (are) uncertain. Interactions 
between minerals such as Cu and Zn are well known to occur in the 
enterocytes when there is an imbalance between the two (Cousins, 1985; 
Flanagan, 1989). Metallothionien is believed to account at least partly for this 
interaction. Metallothionein has a higher binding affinity for Cu than for Zn, so 
then a reduction of Cu absorption may occur before that of Zn (Cousins, 
1985).  In a study with nursery pigs, plasma Zn and Cu concentrations 
responded in an inverse manner to each other as dietary ZnO increased from 
1000 to 3000 mg/kg (Hill et al., 2001). The levels of dietary Cu and Zn in the 
present experiment were lower than those in the study of Hill et al. (2001), 
and also there was not any indication of Cu absorption being reduced which 
is meant to happen before a reduction in Zn (Cousins, 1985). Furthermore, 
water samples were analysed for Cu, Zn and Fe levels to try and explain the 
results but only low concentrations were found (<0.5 mg/L), therefore limiting 
the possibility of high amounts of minerals entering the pigs at least via 
drinking water. However, very low or negative apparent digestibility 
coefficient values for Zn in pigs from the LB and HS treatments might 
suggest that the mineral input from external sources other than the diet could 
have been considerable and could have altered mineral homeostasis in the 
pigs from those treatments.  
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The other possible mineral contaminating source was the galvanised bars in 
pens, which pigs were observed to chew during the study. In addition, the 
higher concentration of Zn in pancreas from LB and HS treatments might 
reflect its role in homeostasis serving to lower the retention of excess 
absorbed Zn (Cousins, 1985). The contribution of pancreatic excretion to 
endogenous Zn output appears to be more considerable than biliary 
secretions in pigs (Cousins, 1985). This homeostatic mechanism might 
explain the low Zn levels in plasma and bone in LB- and HS-fed pigs.   
 
The lack of differences, between dietary levels, in the concentration of Cu 
and Zn in most of the tissues analysed, also reflected the entry of Zn and/or 
Cu into the body from external sources different to the diet. On the other 
hand, deposition of minerals in tissues might increase when organic sources 
are used (Apgar et al., 1995; Susaki et al., 1999; Schiavon et al., 2000). 
However, the tissue data from this experiment did not indicate differences 
between mineral forms, but because of the possibility of Zn/Cu entering the 
system aside from the diet, a firm conclusion on mineral retention by pigs 
between organic and inorganic forms cannot be made.  
2.5.4 Faecal mineral concentrations and apparent digestibility of 
Cu and Zn  
Pollution of the environment by metals is of growing concern and is one of 
the main reasons for including chelates instead of sulphates in pig diets. The 
inclusion of organic forms of Cu and Zn decreased mineral excretion when 
they replaced 50% of the level of sulphates in the premix (Creech et al., 
2004) or when included at lower levels than the inorganic forms in the diet 
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al., 2002; Carlson et al., 2004). Significantly greater apparent absorption/ 
retention has also been shown in weanling pigs fed Cu-proteinate compared 
to CuSO4 (Veum et al., 2004). However, in some balance studies a 
difference in absorption/retention between organic and inorganic Cu and Zn 
has not been observed, suggesting that the amount of minerals excreted is 
reflective of dietary concentration and independent of the mineral form 
(Apgar and Kornegay, 1996; Ahn et al., 1998; Carlson, 2002; Carlson, et al., 
2004).  
 
The faecal mineral concentration data from this experiment failed to show 
any influence of the mineral form on the concentrations of Cu and Zn. There 
was a 2-fold increase in excretion when the inclusion of Cu and Zn in the diet 
increased from 80 to 160 mg/kg, regardless of the source (Figures 2.1 and 
2.2). It is suggested that perhaps the dietary concentration of Cu and Zn 
used in this experiment was in excess of nutritional requirements, and hence 
regardless of the form in which they were fed the majority was excreted. 
Unfortunately, the digestibility data were not as clear as expected and may 
reflect a need to minimise the input of these minerals into the body from 
external sources other than the diet (ie, galvanised bars in pens). Accurate 
balance studies as well as lower inclusion levels of Cu and Zn in the diet 
could also help to provide answers to this issue.  
2.6 CONCLUSIONS 
On the basis of the results from this experiment, it is concluded that the 
inclusion of 71 mg/kg Cu and 80 mg/kg Zn as Bioplex
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rate and increased the carcass weight compared to minerals included at 
similar levels in the sulphate form. However, the very low or negative 
digestibility coefficients for Cu and Zn suggested that the mineral input from 
external sources other than the diet (ie, galvanised bars in pens) could have 
been considerable and could have altered mineral homeostasis and also 
performance in the pigs. Although there was a significant decrease in the 
concentration of Cu and Zn in faecal material (45% approximately) by 
reducing the inclusion of these minerals in the diet, there was not any 
difference between mineral forms. Mineral homeostasis in the pigs was not 
different between organic and inorganic forms of Cu and Zn according to 
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  CHAPTER 3: INFLUENCE OF THE FORM AND 
INCLUSION LEVEL OF COPPER AND ZINC ON PIG 
PERFORMANCE, FAECAL EXCRETIONS AND 
CARCASS AND MEAT QUALITY 
3.1 INTRODUCTION 
The results from the previous experiment (Chapter 2) demonstrated that the 
inclusion of organic Cu and Zn (Bioplex
®, Alltech Biotechnology P/L) in 
grower/finisher diets at levels of 71 mg/kg Cu and 80 mg/kg Zn improved the 
growth rate and increased the carcass weight compared with Cu and Zn 
included at the same levels in the sulphate form. However, there were no 
significant differences in faecal excretion of Cu and Zn for inorganic versus 
the organic treatments, suggesting that perhaps the dietary concentrations of 
Cu and Zn used in this experiment exceeded the nutritional requirements of 
pigs of this particular genotype. Therefore, and regardless of the form in 
which they were fed, the majority of the Cu and Zn was excreted and hence 
not absorbed. The situation of possible external Zn affecting mineral 
homeostasis and/or performance in the pigs encountered in the first 
experiment was limited in the present experiment by using group pens which 
had no galvanised bars.     
 
The minimum level of inclusion of organic Cu and Zn that maintains growth 
and homeostatic mineral status in pigs has not been established, but 
performance data from the first experiment open the possibility of lowering 
the levels of Cu and Zn below 71 and 80 mg/kg, respectively. Furthermore, if 
inclusion levels of Cu and Zn closer to pig requirements indicate a positive Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  103
response of pigs to organic minerals on faecal excretion then the 
environmental benefit will be greater, than the sole effect of using lower 
inclusions.      
 
The positive effect of the inclusion of Bioplex
® on subcutaneous fat thickness 
observed in Experiment 1 was supported by Dove (1992) and Kawas et al., 
(1996) when they included 250 mg/kg CuSO4 in diets for growing pigs, 
however other studies do not show the same decrease (Henman 2001; 
Fremaut 2003). Because of the importance that such an effect could have in 
the pig industry, measurements of subcutaneous fat thickness at several 
points along the midline of the carcasses and at the belly will be taken. 
Information regarding the effect of organic Cu and Zn on meat quality is not 
available at the moment.   
 
The progress in the use of organic minerals requires understanding of their 
mechanism(s) of action. Although not consistently demonstrated it appears to 
relate to differences in the transport systems at intestinal level. Some of the 
proposed mechanisms to explain the better bioavailability of organic minerals 
include: diffusion between epithelial cells (Cousins, 1996), use of a peptide 
carrier system (Ashmead, 1993) and reduction in the metallothionein (MT) 
concentration in intestinal mucosa cells (Carlson et al., 1997). In this 
experiment the concentration of MT at the intestinal level in response to both 
organic and inorganic forms of Cu and Zn will be quantified.   
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Therefore, the hypotheses for this experiment were that: 
a)  Levels of inclusion of Cu and Zn closer to pig requirements in the form 
of Bioplex
® will reduce the concentration of Cu and Zn in faeces 
compared to those when the sulphate form is included at similar 
levels; 
b) The performance of pigs fed Bioplex
® Cu and Zn closer to pig 
requirements will not be negatively affected;  
c) The mineral status of pigs fed Bioplex
® Cu and Zn closer to pig 
requirements will be maintained within the normal physiological range;  
d)  The inclusion of Bioplex
® Cu and Zn will not have a detrimental impact 
on carcass or meat quality;  
e) MT concentration in intestine mucosal cells will be lower in pigs fed 
Bioplex
® compared to those fed sulphate. 
 
Overall, the purpose of this experiment was to compare the response of 
growing and finishing pigs to dietary levels of Cu and Zn closer to pig 
requirements on performance, mineral status, mineral concentration in faecal 
material and carcass and meat quality.      
3.2  MATERIALS AND METHODS 
3.2.1 Animals  and  housing 
Two hundred and forty Large White x Landrace female pigs of similar age 
were used in this experiment. The pigs were obtained from a commercial 
piggery (Wandalup Farms Pty Ltd) and brought to the Medina Research 
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age, average live weight 6.5 kg). Upon arrival, the pigs were housed in a 
weaner shelter measuring 14.4 m long by 9.0 m wide with an earthen floor 
covered with straw. Four “Travaskis” feeders (64 feeder places in total) and 
ten “Drink-O-Mat” drinking bowls, with a capacity for 185 to 250 pigs up to 16 
weeks of age, were provided. 
 
The pigs were fed a mash commercial weaner diet (SupaCreep, Wesfeeds, 
Perth, WA) on an ad libitum basis until they reached the appropriate weight 
to start the experiment (approximately 25 kg). Water was also available at all 
times through the drinking bowls. 
3.2.2  Experimental design and diets 
This experiment was designed as a 2x3 factorial arrangement of treatments. 
The two experimental variables were (a) mineral form (organic vs. inorganic) 
and (b) inclusion level (high, medium and low) (Table 3.1).  
 
Table 3.1. Planned concentration of Cu and Zn in experimental diets. 
 
Diet code  Diet name  Concentration (mg/kg)* 
LS  Low Sulphate  25 Cu and 40 Zn 
LB Low  Bioplex
®  25 Cu and 40 Zn 
MS  Medium Sulphate  80 Cu and 80 Zn 
MB Medium  Bioplex
®  80 Cu and 80 Zn 
HS  High Sulphate  160 Cu and 160 Zn 
HB High  Bioplex
®  160 Cu and 160 Zn 
* Refers to concentration of elemental Cu and Zn. 
 
The experiment consisted of six treatments as mentioned above.  Pigs on 
each treatment were fed the same base diet within the experiment (Table 
3.2). Pigs were fed ad libitum three diets over the live weight range of 25-107 
kg: Grower 1 (25-55 kg), Finisher 1 (55-80 kg LW) and Finisher 2 (80-107 
kg).  Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  106
Table 3.2. Composition of experimental diets (g/kg as-fed) 
 
              Diet   
Ingredient Grower  Finisher 1  Finisher 2 
Barley 495  500  500 
Australian sweet lupins  -  300  300 
Lupin kernel  200  -  - 
Mill mix  104.1  49.1  85.8 
Canola meal  100  -  - 
Lupin Bran  -  35  35 
Triticale 25  64  - 
Oat hulls  -  -  30 
Bloodmeal 20  -  - 
Tallow 20  20  20 
Limestone 15.5  8.0  8.0 
Dicalcium phosphate  9.0  12.5  12.0 
Mineral/Vitamin supplement*†  3.5 3.5 3.5 
Salt 2.75  4.00  3.40 
L-Lysine 3.80  2.25  1.30 
DL-Methionine 1.25  1.10  0.85 
L-Threonine -  0.37  - 
Choline chloride (60%)  0.13  0.13  0.13 
 Calculated  nutrient  composition 
DE (MJ/kg)  14.0  13.4  13.0 
Available Lysine (g/MJ DE)  0.66  0.55  0.50 
Protein (g/kg)  190  161  158 
*Provided the following nutrients (per kg of air-dry diet): 
Vitamins: A 1500 IU, D3 300 IU, E 37.5 mg, K 2.5 mg, B1 1.5 mg, B2 6.25 mg, B6 3 mg, B12 37.5 g, Calcium 
pantothenate 25 mg, Folic acid 0.5 mg, Niacin 30 mg, Biotin 75 g.  
Minerals: Cobalt 0.5 mg (as cobalt sulphate), Iodine 1.25 mg (as potassium iodine), Iron 150 mg (as Ferrous 
sulphate), Manganese 100 mg (as manganous oxide), Selenium 0.5 mg (as sodium selenite).  
Premix supplied by Adisseo Australia P/L, Queensland, Australia.  
† Inclusion of Cu and Zn according to treatment levels (see Table 3.3). 
 
 
The mineral supplement incorporated in the diets was similar to commercial 
practice, but did not contain any Cu or Zn (Adisseo P/L/ Queensland, 
Australia). Copper sulphate pentahydrate and ZnSO4 monohydrate (Adisseo 
P/L/ Queensland, Australia), or Bioplex
® Cu and Bioplex
® Zn
 (Alltech Biotechnology P/L, Victoria, Australia) were supplemented according 
to their required levels in each dietary treatment (Table 3.3). Details of the 
products used were described in Chapter 2, section 2.2.2. (Experimental 
design and diets). The premixes were supplied to Wesfeeds P/L, Perth, 
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Table 3.3. Addition of sulphates and Bioplexes
® in experimental diets (mg/kg): 
 
   Diet  
  Grower  Finisher 1  Finisher 2 
Treatment Cu* Zn*  Cu  Zn  Cu Zn 
LS  52 12 84 38 84 0 
LB  130 27 210 87 210 0 
MS  272 129 304 156 304 88 
MB  680 293 760 353 760  200 
HS  593 363 624 391 744  391 
HB  1480 827 1560 887 1860 887 
*Cu and Zn included in the form of Sulphate or Bioplex
® according to treatment. 
 
3.2.3  Allocation of pigs, feeding and sample collection 
Due to the onset of winter and before reaching the appropriate live weight to 
start the experiment, the pigs were moved from the weaner shelter to a 
naturally-ventilated grower/finisher shed, which consists of 100 collective 
pens of 3.6 x 1.8 m with concrete floors (37.5% slatted), a 30 cm wide 
individual feeder and two stainless-steel nipple drinkers per pen. Half of each 
pen was covered with bubble plastic for the first weeks to help the pigs keep 
warm.    
 
Once the pigs were moved to the grower-finisher shed, they were weighed, 
tagged and stratified according to their live weight and randomly allocated to 
one of the 30 pens. Pigs were accommodated in groups of 8/pen. From this 
time on to the end of the trial, the floor space allowed was 0.81 m
2/pig. 
 
Due to the large variation in the live weight of the pigs (ie, 12-25 kg), they 
were divided into three groups according to their live weight, to minimise 
subsequent within group variation. There were two groups of 12 pens each 
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25 kg LW, the diets were randomly allocated to the pens, taking into account 
the location in the shed, and the experimental diets started to be fed. The 
three groups started on the experimental diets with a week’s difference in 
order to give a week to the pigs from the next group to catch up in weight so 
the starting weight between groups was similar. The age of the pigs when the 
experiment started was 70, 77 and 84 days for the first, second and third 
group, respectively. There were 5 pens of 8 pigs/treatment evenly distributed 
between the three groups. Each group was always managed as a block.  
 
Pigs were fed twice per day and always had feed available in the feeder. 
Feed refusals were measured and recorded every week. Measurements of 
individual live weight were made weekly through out the experiment as well 
as feed consumption and FCR per pen. Water was also available at all times. 
At 77 and 105 days of age, all pigs were vaccinated against Erysipelas as 
directed by the producer. 
 
At approximately 36 kg LW, on day 14 of the experiment for each of the three 
groups, blood samples were taken from half of the pigs per pen (4 pigs, 
selected randomly), via jugular venipuncture into 10 ml Li-heparin tubes. The 
same pigs were sampled at approximately 97 kg LW, on day 77 of the 
experiment for each of the three groups. Blood samples were kept chilled 
until submission to the Animal Health Laboratories (AHL) (WA Department of 
Agriculture, Perth, Australia), where all mineral analyses were performed. At 
the same time “grab” faecal samples (200 g in total approximately) from the 
same 4 pigs were collected and frozen at –20°C for later mineral analyses. 
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approximately 65 kg LW, four faecal samples were collected from each pen, 
thoroughly mixed and sub-sampled to have a reference point between the 
two distant “grab” faecal measurements. 
 
At approximately 20 weeks of age, an outbreak of Actinobacillus 
pleuropneumoniae was diagnosed in the shed. The disease first affected a 
few pigs, which were individually treated via IM injection with Tetravet 
(according to their live weight), but the disease spread rapidly throughout the 
shed making it necessary to use in-water medication in all pens for a week. 
The pigs recovered quickly and only one died. This circumstance affected the 
daily gain of some pigs but it was spread evenly through all pens and 
treatments. 
 
Pigs were slaughtered over a 6-week period at PPC Wholesale Foodservices 
(Wooroloo, WA) when they reached a minimum of 104 kg LW. Carcass 
weight (AUSMEAT trim 13; head off, flare off, foretrotters off, hindtrotter on) 
and depth of back fat at the P2 site (Hennessy Grading Probe 4) were 
measured on the hot carcasses by abattoir staff as per normal commercial 
practice. On the production line, one foretrotter per pig and the 
gastrointestinal tract from each pig were collected from the same 120 pigs 
that blood and faeces were sampled during the experiment, then 
approximately 200-g samples of liver, kidney and small intestine (duodenum) 
were taken, placed on ice and then frozen at -20ºC for later mineral analysis.   
 
On the hot carcasses, measurements of subcutaneous fat depth were taken 
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(Figure 3.1) with a pair of callipers (Figure 3.2): (i) shoulder (between the first 
and second ribs), (ii) P2 at the midline, and (iii) the pelvic area (perpendicular 
to last true vertebrae). Belly fat thickness between the 9
th to the 11
th rib 
approximately 18 cm from the midline was also measured using an 
introscope (Figure 3.3). After chilling at 1°C for at least 24 hours, a section of 
the muscle longissimus thoracis (15 x 15 cm, approximately) was removed 
between the 12
th and 13
th rib from the same 120 half carcasses sampled, and 
transported to the Meat Laboratory at the WA Department of Agriculture to 
perform a set of measurements of pork meat quality namely drip loss, pH and 
color. 
3.2.4 Measurements  on diets and samples 
3.2.4.1 Determination of Cu, Zn and Fe  
Feed, faeces, plasma, and tissue samples were analysed for Cu and Zn 
concentration, except bone, which was tested for Zn level only. Feed and 
faeces were also tested for Fe content. All analyses were conducted by 
atomic absorption spectrophotometry (AAS) at the Animal Health 
Laboratories (AHL), WA Department of Agriculture. Sample preparation 
details are given in Chapter 2, Section 2.2.4.1.  
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Figure 3.1. Sites of subcutaneous fat measurements   
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Figure 3.2. Calipers used to measured subcutaneous fat depth at different points 
along the carcass. 
 
 
   
 
Figure 3.3. Introscope used to measure subcutaneous fat depth in belly. 
 
3.2.4.2 Determination of haemoglobin 
Total haemoglobin was measured in whole blood samples on an automated 
clinical chemistry analyser (Cobas Mira S), calibrated using a haemoglobin 
standard (Sigma Cat. No. 525-18) with a concentration of 180 g/L, according 
to the Sigma Diagnostics Total Haemoglobin Determination Procedure No. 
526. Analysis occurred at the AHL (WA Department of Agriculture).  
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3.2.4.3 Determination of alkaline phosphatase (ALP) 
Plasma samples were analysed for ALP activity using the Olympus kit ref. 
OSR6104 method based on the recommendations of the “International  
Federation for Clinical Chemistry (IFCC), using an Olympus AU400 
autoanalyser at the AHL (WA Department of Agriculture). 
3.2.4.4 Determination of erythrocyte Cu (RBC Cu) 
Since erythrocyte superoxide dismutase activity is highly correlated with RBC 
Cu and measurement of RBC Cu is less problematic (Underwood and Suttle, 
1999), samples were tested for RBC Cu content by a similar method to that 
of plasma Cu, but instead of using the plasma, it was performed on the red 
blood cells pellet. Analysis occurred at the AHL (WA Department of 
Agriculture). 
3.2.4.5 Determination of metallothionein (MT) concentration  
Samples of liver and intestinal mucosal cells scraped from the thawed 
duodenum were analysed for concentration of the protein metallothionein 
(MT) by a silver-saturation method described by Scheuhammer and Cherian 
(1991). A sample of 0.5 – 0.65 g of defrosted tissue was individually 
homogenised in 0.25 M sucrose solution (1:4 dilution) for 60 sec or 2 min in 
the case of mucosal cells and liver, respectively.  The homogenised samples 
were centrifuged at 18000 g for 20 min at 4ºC, and the supernatant collected 
and stored frozen (-80°C) until required for MT determinations.    
 
The volume of tissue supernatant used in the assay was 100µl for liver and 
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this tissue is much lower than in liver. The red blood cells (RBC) haemolysate 
used in the assay to remove silver (Ag) from all ligands other than MT, was 
prepared from rat blood following Onosaka and Cherian’s method (1982) as 
described by Scheuhammer and Cherian (1991). The rat blood was supplied 
by the Animal Resources Centre, Perth, Australia.  
 
The concentration of Ag in the final sample supernatant was measured by 
AAS using a Varian Spectra AA 10/20 Atomic Absorption Spectrophotometer 
(1985) with an air-acetylene flame. An AAS standard curve for Ag was 
generated using 0.25, 0.5, 1, 2 and 5 mg/kg Ag in glycine buffer for the liver 
samples, and concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 mg/kg Ag in the 
case of intestinal mucosa cells. It was assumed that the amount of Ag in the 
supernatant fraction was proportional to the amount of MT present 
(Scheuhammer and Cherian 1991).  
 
The concentration of MT is expressed as micrograms of MT per gram of wet 
weight tissue, and for the purposes of calculation, with the assumption that 
17 atoms of Ag bind 1 mole of MT, 1µg Ag therefore represents 3.55 µg MT. 
The calculation of the concentration of MT in the sample is based on the 
following equation described by Scheuhammer and Cherian (1991): 
 
µg MT/g tissue= (CAg - CBKG) X 3.55 X VT X SDF 
    SV  
   
Where:   CAg:   the concentration of silver in the final supernatant 
CBKG :  background reading in the supernatant in the blank 
(without sample) 
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SDF:  sample dilution factor, which depends of the sample and 
the      volume of the homogenising media and also on 
the dilution of the sample before taking aliquots for 
assay. 
  SV:     sample volume used in the assay. 
 
3.2.4.6 Meat quality indices 
Upon arrival at the Meat Laboratory (WA Department of Agriculture), the 
sections of the m. longissimus thoracic were standardised to 20 mm in 
thickness. After allowing the surface of the meat exudate for 10 min, drip loss 
was measured using the filter paper method (Kauffman et al., 1986) (Figure 
3.4), pH by a portable pH meter (Model 6027, Jenco Electronic Ltd, San 
Diego, USA) (Figure 3.5) and surface L* (lightness), a* (redness) and b* 
(yellowness) using a Chromameter (CR-400, Minolta, Japan) using D65 
lighting, a 2° standard observer and 8 mm aperture in the measuring head, 
standarised to a white tile (Figure 3.6).  
 
  
Figure 3.4. Measurement of drip loss using the filter paper method.  
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Figure 3.5. Measurement of pH using a portable pH meter. 
 
 
Figure 3.6. Measurement of color using a chromameter. 
3.3  STATISTICAL ANALYSIS  
Data were analysed using the ANOVA procedures of StatView (StatView 5.0 
for windows, AddSoft Pty. Ltd., Wooden, Vic., Australia). Two-way ANOVA 
was conducted to compare the responses of pigs to two mineral forms of Cu 
and Zn at two inclusion levels. Also one-way ANOVA was performed to 
compare the responses of pigs on the three Bioplex
® treatments (LB, MB and 
HB) and the HS treatment.  
 
The experimental unit was each pig for blood, tissue, faecal and MT analyses 
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performance indices. The statistical significance was accepted at P<0.05.   
Fishers’-protected LSD comparisons were used (at 5% significance level) for 
comparisons between significantly different mean values of the different 
variables. Carcass weight and slaughter date were included in the ANOVA 
for subcutaneous fat depth and meat quality indices, respectively, as 
covariates to eliminate their effect on the mentioned parameters.   
3.4 RESULTS 
The actual Cu and Zn concentration in most of the diets (Table 3.4) was 
reasonably close to the planned levels (Table 3.1). However, and due to 
circumstances beyond my control and for which I have no explanation, the 
medium sulphate (MS) grower diet became inundated with excess Zn (356 
mg/kg Zn instead of the targeted level of 80 mg/kg Zn) during diet 
manufacture at a commercial facility. For this reason two sets of tables of 
results are presented: one comparing the low and high levels of Cu and Zn in 
both the Bioplex
® and the Sulphate forms (4 treatments) (Tables 3.5, 3.7 and 
3.9), and another comparing the three levels of Bioplex
® (low, medium and 
high) to the commercial standard-type diet, which was considered to be the 
High Sulphate diet (4 treatments) (Tables 3.6, 3.8 and 3.10).  
Table 3.4. Measured concentration of Cu and Zn in grower and finisher 1 and 2 
experimental diets (mg/kg, as-received).  
 
 Diet 
Treatment Grower    Finisher 1  Finisher 2 
  Cu Zn Cu Zn Cu Zn 
LS  19 56 28 69 27 77 
LB  23 55 35 73 38 60 
MS  79  356  90 99 76 85 
MB  67 94 76  100  90 92 
HS  145 163 152 174 188 177 
HB  143 169 133 162 177 173 Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  118
3.4.1 Pig  performance 
3.4.1.1 Growing phase 
Live weight at the start and end of the growing phase was not different 
between treatments (P>0.05) (Tables 3.5 and 3.6). During the growing phase 
(25-55 kg LW) there was a statistically significant interaction in ADG when 
comparing the two mineral forms at two levels (P=0.011), whereby ADG was 
increased by inclusion of the HS treatment only (Table 3.5). When comparing 
the three levels of Bioplex
® vs. HS, HS-fed pigs also had a higher ADG 
compared to pigs from the other treatments (P=0.009) (Table 3.6).  
 
Voluntary feed intake was affected by the mineral form. Pigs fed LB ate 
significantly less feed than pigs fed sulphates (P=0.025), but similar to pigs 
fed HB (Table 3.5). Voluntary feed intake was not different between 
treatments when comparing Bioplex
® and HS diets (P=0.07) (Table 3.6).  
 
There was an interaction between MF and IL on FCR (P=0.0001). The FCR 
was improved by the inclusion of Bioplex
® in the diet only at low levels. LS-
fed pigs were significantly less (P=0.0001) efficient than the other pigs (Table 
3.5). Comparing Bioplex
® and HS treatments, MB-fed pigs were less efficient 
(P=0.035) than LB and HS-fed pigs, but similar (P>0.05) to HB-fed pigs 
(Table 3.6).  
3.4.1.2 Finishing phase 
Final live weight was similar between treatments (P>0.05) (Tables 3.5 and 
3.6). During the finishing period (55-107 kg LW) and comparing the two 
mineral forms at two levels, the diets were statistically similar (P>0.05) in  
 Table 3.5. Comparison between organic vs. inorganic Cu and Zn at low and high inclusion levels on performance of growing/finishing pigs.      
 
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets.
 
2 SED: Standard error of difference between means. 
a, b, c, d,e Means with a common superscript within a row are statistically similar (P>0.05).  
n= Number of pens/treatment, each pen of 8 pigs. 
 
 
 
 
 
 
 
 
Concentration
1          
- Copper   Low  Low  High  High      P=   
- Zinc   Low  Low  High  High    Inclusion  Mineral   
Mineral  Form  Sulphate Bioplex Sulphate Bioplex  SED
2  Level (IL)  Form(MF)  IL x MF 
n=  5 5 5 5         
Liveweight (kg)          
- Start (70 – 84  days of age)  24.4 24.6 24.3 24.8 1.31  0.995  0.710  0.823 
- 5 weeks (105 – 119  days of age)  52.3 53.8 55.5 54.2 1.78  0.128  0.939  0.226 
- Final (147 - 182 days of age)  106.8 107.7 107.5 107.3  1.15  0.828 0.641 0.470 
Average daily gain (g/d)          
- Growing phase (0-5 weeks)  795
a 834
a 892
b 840
a  25.14 0.005 0.691 0.011 
- Finishing phase (5 weeks - slaughter)  989 974 946 976  28.21  0.269  0.660  0.215 
-  Overall  (0-slaughter)  913 920 924 922  23.27  0.635  0.864  0.799 
Voluntary feed intake (kg/day)          
- Growing phase (0-5 weeks)  1.92
 b 1.73
a 1.86
b 1.83
ab 0.074 0.588 0.025 0.106 
- Finishing phase (5 weeks - slaughter)  2.87 2.85 2.84 2.75  0.081 0.198 0.291 0.562 
- Overall (0 weeks - slaughter)  2.48 2.42 2.46 2.39  0.071  0.613  0.154  0.956 
Feed conversion ratio           
- Growing phase (0-5 weeks)  2.41
b 2.07
a 2.09
a 2.18
a 0.067 0.025 0.007  <0.001 
- Finishing phase (5 weeks - slaughter)  2.94
ab 2.96
b 3.03
b 2.84
a 0.055 0.778 0.032 0.011 
- Overall (0 weeks - slaughter)  2.76
b 2.64
a 2.68
ab 2.61
a 0.055 0.088 0.012 0.522 
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Table 3.6. Comparison between low, medium and high inclusion levels of Bioplex
® and High Sulphate diets on performance of growing/finishing 
pigs.  
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets.
 
2 SED: Standard error of difference between means. 
a, b, c, d,e Means with a common superscript within a row are statistically similar (P>0.05).  
n= Number of pens/treatment, each pen of 8 pigs. 
 
 
 
 
 
 
 
 
 
Concentration
1        
- Copper   Low  Medium  High  High     
- Zinc   Low  Medium  High  High     
Mineral  Form  Bioplex Bioplex Bioplex  Sulphate SED
2 P= 
n =   5 5 5 5     
Liveweight (kg)        
- Start (70 – 84  days of age)  24.6 25.0 24.8 24.3  1.4 0.941 
- 5 weeks (105 – 119  days of age)  53.8  54.2  54.2  55.5  1.78  0.721 
- Final (147 - 182 days of age)  107.7 108.0 107.3 107.5  1.3  0.945 
Average daily gain (g/d)        
- Growing phase (0-5 weeks)  834
 a 832
 a 840
 a 892
 b 19.23 0.009 
- Finishing phase (5 weeks - slaughter)  974  1003  976  945  28.21  0.198 
-  Overall  (0-slaughter)  919 935 922 924  20.84  0.846 
Voluntary feed intake (kg/day)        
- Growing phase (0-5 weeks)  1.73  1.85  1.83  1.86  0.059  0.070 
- Finishing phase (5 weeks - slaughter) 2.85  2.98  2.75 2.84  0.089  0.074 
- Overall (0 weeks - slaughter)  2.42 2.54 2.39 2.46  0.063  0.086 
Feed conversion ratio         
- Growing phase (0-5 weeks)  2.07
a 2.22
b 2.18
ab 2.09
a 0.059 0.035 
- Finishing phase (5 weeks - slaughter) 2.96  3.02  2.84 3.03  0.086  0.102 
- Overall (0 weeks - slaughter)  2.64 2.74 2.61 2.68  0.059  0.149 
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ADG and VFI (Table 3.5). The FCR was better (P=0.011) in pigs fed the HB 
treatment compared to pigs fed the LB or HS treatments, but was similar 
(P>0.05) to those fed the LS treatment (Table 3.5). Diets were similar in 
ADG, VFI and FCR when comparing the three levels of Bioplex
® and HS 
(P>0.05) (Table 3.6).   
3.4.1.3 Whole-of-experiment phase  
Throughout the experiment (25-107 kg), and comparing the two mineral 
forms at two levels, there was no statistical difference in ADG or VFI. There 
was a significant main effect of the mineral form for FCR (P=0.012), as it was 
improved by Bioplex
®, mainly at low levels (Table 3.5). Comparing diets 
supplemented with Bioplex
® and the HS diet, there was no statistically 
significant difference between them in ADG, VFI and FCR throughout the trial 
(P>0.05) (Table 3.6). 
3.4.2 Carcass  and  meat quality  
3.4.2.1 Carcass quality  
There was a main effect of inclusion level on hot carcass weight (HCW) and 
dressing percentage. Both measurements were improved by the high level of 
inclusion of Cu and Zn in the diet independent of the mineral form (P=0.016 
and <0.001 for HCW and dressing percentage, respectively) (Table 3.7). 
There was no difference when comparing Bioplex
® and the HS diet in HCW 
and dressing percentage (P>0.05) (Table 3.8). Subcutaneous fat thickness 
was not significantly affected by any of the diets at the points measured 
(P>0.05) (Tables 3.7 and 3.8).    
  
Table 3.7. Comparison between organic vs. inorganic Cu and Zn at low and high inclusion levels on carcass and meat quality and  
metallothionein concentration in growing/finishing pigs. 
 
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets.
 
2SED: Standard error of difference between means. 
a, b, c, d,e Means with a common superscript within a are statistically similar (P>0.05).  
n= Number of pigs sampled/treatment.
 
 
 
 
 
 
 
Concentration
1    
- Copper   Low  Low  High  High      P=   
- Zinc   Low  Low  High  High    Inclusion  Mineral   
Mineral  Form  Sulphate  Bioplex Sulphate Bioplex  SED
2  Level  Form  IL x MF 
n=  36  38 34 37         
Carcass quality           
- Hot carcass weight (kg)  72.1
 b 73.0
 ab 73.9
 a 73.6
 a  2.05  0.016 0.543 0.207 
- Dressing percentage (%)  67.5
 b 67.7
 bc 68.8
 a 68.5
 ac 1.28 <0.001  0.951 0.398 
- Subcutaneous fat thickness (mm)                 
  - P2  15.4  14  15.1  15.1  2.31  0.559  0.832  0.921 
  - Shoulder  39.7  36.7  38.3 38.8 3.62  0.254  0.490  0.207 
  - P2 midline  22.9  22.8  24.3 22.6 2.78  0.962  0.193  0.307 
  - Pelvis  20.7  19  21.3  22.1  3.754 0.333 0.203 0.253 
  - Belly  22.6  20.2  21.8 22.8 3.42  0.527  0.838  0.570 
n=  20  20 20 20         
Meat quality           
- Drip loss (mg)  49.3  43.9  48.5  40.2  14.92 0.671 0.350 0.185 
-  Color           
   - L*  50.67  53.10  52.40  51.76  2.25  0.792  0.122  0.926 
   - a*  6.06  5.62  5.59  5.26  0.777  0.630  0.663  0.761 
   - b*  3.86  4.35  3.97  3.82  0.786  0.703  0.734  0.905 
   - pH  5.52  5.46  5.49  5.5  0.032  0.817  0.685  0.203 
Metallothionein concentration (µg/g tissue)           
- Liver  201
 b 103
 b 540
 a 441
 a 174.8  <0.001  0.078 0.998 
- Intestine mucosal cells  8.0
b 8.2
b 9.3
ab 10.5
a  1.80  0.005 0.221 0.379 
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Table 3.8. Comparison between low, medium and high inclusion levels of Bioplex
® and High Sulphate diet on carcass and  
meat quality and metallothionein concentration in finishing pigs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets.
 
2SED: Standard error of difference between means. 
a, b, c, d,e Means with a common superscript within a row are statistically similar (P>0.05)  
n= Number of pigs sampled/treatment.
 
Concentration
1          
- Copper   Low  Medium  High  High     
- Zinc   Low  Medium  High  High     
Mineral Form  Bioplex  Bioplex  Bioplex  Sulphate  SED
2 P= 
n=  38 36 37 34     
Carcass quality        
- Hot carcass weight (kg)  73  73.7  73.6  73.9  2.159  0.627 
- Dressing percentage (%)  67.7 68.0 68.5 68.8  1.334  0.083 
- Subcutaneous fat thickness (mm)        
  - P2  14  15.7  15.1  15.1  2.476  0.493 
  - Shoulder  36.7  39.7  38.8  38.3  3.667  0.278 
  - P2 midline  22.8  24.8  22.6  24.3  2.768  0.103 
  - Pelvis  19  23.3  22.1  21.3  3.807  0.124 
  - Belly  20.2  22.4  22.8  21.8  3.556  0.521 
n=  20 20 20 20     
Meat quality        
- Drip loss (mg)  43.9  42.7  40.2  48.5  14.46  0.285 
-  Color        
   - L*  53.1  52.1  51.8  52.4  2.335  0.739 
   - a*  5.62  5.7  5.26  5.59  0.214  0.998 
   - b*  4.35  4.11  3.82  3.97  0.745  0.902 
   - pH  5.46  5.48  5.5  5.49  0.045  0.351 
Metallothionein concentration (µg/g tissue)        
- Liver  103
 c 337
 b 441
 ab 540
 a 190.0  <0.0001 
- Intestine mucosal cells  8.2
b 10.6
a 10.5
a 9.3
ab 1.97 0.036 
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3.4.2.2 Meat quality 
Drip loss, color (L*, a*, b*) and pH were within normal ranges and not 
different between mineral forms or levels of dietary inclusion (P>0.05) 
(Tables 3.7 and 3.8). 
3.4.3 Metallothionein  concentration 
Metallothionein concentration in liver and intestine mucosal cells was 
determined by a main effect of inclusion level (P<0.001 and P=0.005 for liver 
and intestine, respectively). The level of MT in these tissues increased 
significantly with the level in the diet, with no effect of the mineral form (Table 
3.7). Comparing the three levels of Bioplex
® to the HS diet, MT concentration  
in liver from pigs fed LB was lower and that from pigs fed HS higher, 
compared with the other two treatments, which were intermediate (P<0.001) 
(Table 3.8). The MT concentration in the intestine was significantly lower in 
pigs fed LB than MB- and HB-fed pigs; the HS-fed pigs had an intermediate 
MT content (P=0.036) (Table 3.8).      
3.4.4  Blood mineral levels  
3.4.4.1 Copper levels in plasma  
Copper concentrations in plasma were considered normal (1.3 - 3.00 mg/L; 
Puls, 1994) and were not different between treatments in either the grower or 
the finisher periods (P>0.05) (Tables 3.9 and 3.10).   
3.4.4.2 Zinc levels in plasma 
Zinc concentrations in plasma fell within the normal range (0.5 – 1.5 mg/L; 
Keen and Graham, 1989) (Tables 3.9 and 3.10). On day 14 of the experiment  
Table 3.9. Comparison between organic vs. inorganic Cu and Zn at low and high inclusion levels on blood and tissue mineral levels  
and faecal concentration of Cu and Zn in growing/finishing pigs.  
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets. 
2 SED: Standard error of difference between means 
a, b, c, d Means with a common superscript within a row are statistically similar (P>0.05). n= Number of pigs sampled/treatment.  * Data presented for pen samples (n=5/treatment).
Concentration
1            
- Copper   Low  Low  High  High      P=   
- Zinc   Low  Low  High  High    Inclusion  Mineral   
Mineral  Form  Sulphate Bioplex Sulphate Bioplex  SED
2  Level  Form  IL x MF 
n=  20 20 20 20         
Blood analyses          
Growing phase (Day 14 of the experiment)                 
- Cu (mg/L)  1.62  1.72  1.74  1.67  0.160 0.559 0.722 0.080 
- Zn (mg/L)  1.31
 ab 1.18
 b 1.46
 a 1.40
 a 0.169 0.001 0.088 0.473 
- RBC Cu (mg/L)  0.63  0.65  0.67  0.63  0.055 0.757 0.497 0.076 
- Alkaline phosphatase (U/L)  203.5
 ab 173.7
 b 197.9
 ab 224.4
 a  34.96 0.048 0.882 0.014 
- Hb (g/L)  105.7  105.2  107.5 108.9  6.44  0.180 0.826 0.649 
Finishing phase (Day 77 of the experiment)                 
- Cu (mg/L)  1.79  1.70  1.83  1.88  0.228 0.132 0.786 0.349 
- Zn (mg/L)  1.10
 a 0.92
 b 1.02
 ab 1.12
 a 0.138 0.161 0.330 0.002 
- RBC Cu (mg/L)  0.54  0.53  0.54 0.53 0.05  0.691  0.582  0.976 
- Alkaline phosphatase (U/L)  123.0 128.8 118.1 166.6 50.77 0.311 0.097 0.191 
- Hb (g/L)  124.3  122.5  124.4 125.5  6.34  0.499 0.852 0.464 
Tissue levels (mg/kg DM)          
L i v e r           
- Cu   28.8
 b 36.4
 b 64.2
 a 57.8
 a 17.46  <0.001  0.919 0.210 
- Zn  255.6
 b 220.6
 b 345.0
 a 333.0
 a 54.35 <0.001 0.179  0.509 
Kidney          
- Cu  34.0
 b 28.9
 b 51.9
 a 49.3
 a 14.51  <0.001  0.408 0.785 
- Zn  130.4
 bc 118.4
 c 146.9
 a 139.7
 ab 12.02 <0.001 0.014  0.533 
Bone          
- Zn  140.4
 b 141.7
 b 189.6
 a 185.0
 a 12.94 <0.001 0.776  0.610 
Faecal levels (mg/kg DM)          
-Growing phase (Day 14 of the experiment )                 
- Cu  102
 c 129
 c 758
 a 657
 b 34.1  <0.001  0.002  <0.001 
- Zn  293
 b 312
 b 826
 a 792
 a 43.4  <0.001  0.619  0.070 
Mid-point (Day 42 of the experiment)*                 
- Cu  119
 b 135
 b 555
 a 538
 a 14.3  <0.001  >0.999  0.089 
- Zn   250
 c 286
 b 593
 a 626
 a 17.6  <0.001  0.007  0.901 
Finishing phase (Day 77 of the experiment )                 
- Cu  141
 c 169
 c 653
 b 751
 a 66.5  <0.001  0.005  0.110 
- Zn  444
 a 263
 b 638
 c 749
 d 60.4  <0.001  0.793  <0.001 
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Table 3.10. Comparison between low, medium and high inclusion levels of Bioplex
® and High Sulphate diets on blood and tissue mineral levels 
 and faecal excretion of Cu and Zn in growing/finishing pigs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
1 Refer to Table 3.4 for the concentration of Cu and Zn in the diets. 
2 SED: Standard error of difference between means 
a, b, c, d Means with a common superscript within a row are statistically similar (P>0.05). n= Number of pigs sampled/treatment.  * Data presented for pen samples (n=5/treatment).
Concentration
1           
- Copper   Low  Medium  High  High     
- Zinc   Low  Medium  High  High     
Mineral Form  Bioplex  Bioplex  Bioplex  Sulphate  SED
2 P= 
n=  20  20 20 20     
Blood analyses         
Growing phase (Day 14 of the experiment)             
- Cu (mg/L)  1.73  1.62  1.65  1.74  0.161  0.268 
- Zn (mg/L)  1.18
 b 1.41
 a 1.42
 a 1.46
 a .0170 0.002 
- RBC Cu (mg/L)  0.65  0.62 0.63 0.67  0.055  0.190 
- Alkaline phosphatase (U/L)  173
 b 220
 ac 229
 a 198
 bc 33.8 0.018 
-  Hb  (g/L)  105.2  109.1 108.9 107.5 7.133 0.613 
Finishing phase (Day 77 of the experiment)             
- Cu (mg/L)  1.70  1.76  1.90  1.83  0.227  0.254 
- Zn (mg/L)  0.917
 b 1.105
 a 1.131
 a 1.021
 ab 0.141  0.005 
- RBC Cu (mg/L)  0.53  0.50 0.53 0.54  0.050  0.260 
- Alkaline phosphatase (U/L)  129  131  167  118  50.45  0.178 
- Hb (g/L)  122.5
a 130.4
b 125.5
ab 124.4
 a 6.088  0.031 
Tissue levels (mg/kg DM)         
L i v e r            
- Cu  36.4
 b 30.5
 b 57.5
 a 64.2
 a 16.97  <0.001 
- Zn  221
 b 297
 a 335
 a 345
 a 57.3  <0.001 
Kidney         
- Cu  29
 b 33
 b 49
 a 52
 a 14.6  <0.001 
- Zn  118
 b 135
 c 140
 ac 147
 a 11.8  <0.001 
Bone         
- Zn  142
 a 179
 b 185
 b 190
 b 15.1  <0.001 
Faecal levels (mg/kg DM)         
Growing phase (Day 14 of the experiment))             
- Cu  129
 a 331
 b 657
 c 758
 d 34.6  <0.001 
- Zn  312
a 506
b 792
c 826
 c 43.6  <0.001 
Mid-point  (Day 42 of the experiment)*             
- Cu  135
 b 271
 c 538
 a 554
 a 13.4  <0.0001 
- Zn   286
 b 351
 c 626
 a 593
 a 17.7  <0.0001 
Finishing phase (Day 77 of the experiment)             
- Cu  169
 a 369
 b 751
 c 653
 d 70.0  <0.001 
- Zn  263 
a 383
b 749 
c 638
 d 61.7  <0.001 
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there was only a main effect of inclusion level for plasma Zn (P=0.001) 
(Table 3.9). Pigs fed LS had similar (P>0.05) Zn concentration in plasma to 
pigs fed HS or HB. The concentration of Zn in plasma of pigs fed LB was 
lower (P=0.001) than pigs fed HS or HB and similar to pigs fed LS. There 
was an interaction between MF and IL for Zn concentration in plasma 
collected on day 77 of the experiment (P=0.002). Pigs fed LS had a similar 
(P>0.05) concentration of Zn in plasma to pigs fed HS or HB. The Zn 
concentration in plasma of pigs fed LB was lower (P=0.002) than pigs fed LS 
or HB, but similar (P>0.05) to pigs fed HS (Table 3.9).  
 
Comparing Bioplexes
® and the HS diet, during the growing phase, the 
concentration of Zn in plasma was significantly lower in pigs fed LB than in 
pigs from the other treatments (P=0.002) (Table 3.10). On day 77 of the 
experiment, the concentration of Zn in plasma was similar (P>0.05) for pigs 
fed MB, HB or HS. Pigs fed LB had a lower (P=0.005) concentration of Zn in 
plasma than MB or HB, but similar to pigs fed HS (P>0.05). (Table 3.10). 
3.4.4.3 Red blood cells copper  
Erythrocyte Cu levels were between 0.53 and 0.67 mg/L and were not 
affected by any of the experimental diets (P>0.05) (Tables 3.9 and 3.10). 
3.4.4.4 Alkaline phosphatase levels 
Alkaline phosphatase activity levels in all pigs sampled were within the 
normal range (80-260 IU/L; Puls, 1994) (Tables 3.9 and 3.10). Comparing the 
two mineral forms at the two levels, there was an interaction between MF and 
IL for ALP on day 14 of the experiment (P=0.014). Alkaline phosphatase Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  128
activity of LS fed pigs was similar (P>0.05) to HS and HB fed pigs. The 
activity of ALP in pigs fed LB was lower (P=0.014) than HB fed pigs, but 
similar to LS and HS fed pigs. On day 77 of the experiment, there was no 
difference between treatments on ALP activity (P>0.05) (Table 3.9). 
Comparing Bioplexes
® and the HS treatment, ALP was significantly different 
only on day 14 of the experiment (P=0.018). The ALP activity in pigs fed LB 
was similar (P>0.05) to pigs fed HS. Pigs fed MB or HB had higher ALP 
activity (P=0.018) than LB fed pigs. The ALP activity of pigs fed MB was 
similar to pigs fed HS (P>0.05) (Table 3.10). 
3.4.4.5 Haemoglobin levels  
Concentration of haemoglobin in all samples was within the normal 
physiological range (100-140 g/L; Puls, 1994) (Tables 3.9 and 3.10). 
Haemoglobin levels were not affected by the experimental diets when 
comparing Bioplex
® and sulphate at the two levels of inclusion in either 
collection (P>0.05) (Table 3.9). When haemoglobin concentration was 
compared between Bioplexes
® and the HS treatment, it was only significantly 
different on day 77 of the experiment (P=0.031), with pigs fed LB, HB and HS 
having similar concentration of haemoglobin (P>0.05). Pigs fed MB had 
higher (P=0.031) haemoglobin concentration than pigs fed LB or HS, but 
similar (P>0.05) to pigs fed HB (Table 3.10). 
3.4.5  Tissue mineral levels  
3.4.5.1 Copper levels in liver 
Concentration of Cu in liver was within the normal range (19 – 94 mg/kg DW; 
Puls, 1994) (Tables 3.9 and 3.10). There was a main effect of inclusion level Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  129
for Cu in liver (P<0.001). The Cu concentration in liver increased with the 
addition of Cu in the diet, regardless of the mineral form (Table 3.9). 
Comparing Bioplexes
® and the HS treatment, LB- and MB-fed pigs had lower 
levels than HB- and HS-fed pigs (P<0.001) (Table 3.10). 
3.4.5.2 Zinc levels in liver 
Concentration of Zn in liver was within the normal range (150 – 338 mg/kg 
DW; Puls, 1994) (Tables 3.9 and 3.10). There was a main effect of inclusion 
level for Zn in liver (P<0.001). The Zn concentration increased with the 
addition of Zn in the diet, regardless of the mineral source (Table 3.9). 
Comparing Bioplexes
® and HS treatments, concentration of Zn in liver from 
pigs fed LB was significantly lower than from pigs fed MB, HB or HS 
(P<0.001) (Table 3.10). 
3.4.5.3 Copper levels in kidneys 
The concentration of Cu in kidneys from pigs fed LS, MB, HB and HS can be 
considered high whereas the Cu concentration from pigs fed LB was normal 
compared to normal physiological levels (26 – 30 mg/kg DW; Puls, 1994) 
(Tables 3.9 and 3.10). There was a main effect of inclusion level for Cu in 
kidney (P<0.001). The level increased with the addition in the diet, regardless 
of the mineral form (Table 3.9). Comparing Bioplexes
®  and the HS 
treatments, concentration of Cu in kidney was lower in pigs from LB and MB 
treatments than those from HB or HS (P=<0.001) (Table 3.10).    
 
 
 Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  130
3.4.5.4 Zinc levels in kidneys 
Concentration of Zn in the kidneys was higher in pigs from all treatments 
relative to normal levels, which are between 56 and 112 mg/kg DW (Puls, 
1994) (Tables 3.9 and 3.10). There was a main effect of inclusion level 
(P<0.001) and mineral form (P=0.014) for Zn in kidneys (Table 3.9). Pigs fed 
LS had similar (P>0.05) concentration of Zn in kidneys to pigs fed LB. The 
concentration of Zn in kidneys of pigs fed HS was higher (P<0.05) than LS 
and LB fed pigs, but similar (P>0.05) to HB fed pigs.  Pigs fed LS had similar 
(P>0.05) concentration of Zn in kidneys to pigs fed HB. Comparing Bioplex
® 
at the three levels and HS, there was a significant difference in Zn 
concentration in kidneys (P=<0.001) (Table 3.10). Pigs from the LB treatment 
had significantly lower levels of Zn in kidneys than those from the other 
treatments. HB- fed pigs had similar (P>0.05) levels of Zn in kidney to HS fed 
pigs. The concentration of Zn in kidneys from pigs fed MB was similar 
(P>0.05) to pigs fed HB.  
3.4.5.5 Zinc levels in bone 
The content of Zn in bone from LB- and LS-fed pigs was within the normal 
range (95-146 mg/kg DW; Puls, 1994). Pigs from the MB, HB and HS 
treatments had high concentrations of Zn in bone relative to normal levels. 
There was a main effect of inclusion level for bone Zn when comparing 
Bioplex
® and sulphate at the two levels used (P<0.001) (Table 3.9). When 
comparing Bioplexes
® and the HS diets, pigs from the LB treatment had a 
lower Zn content in bone than pigs from the MB, HB and HS treatments 
(P<0.0001) (Table 3.10).   Chapter 3: Influence of form and level of Cu and Zn on carcass and meat quality  131
3.4.6  Faecal mineral concentrations 
3.4.6.1 Growing period 
On day 14 of the experiment, there was an interaction between mineral form 
and inclusion level for Cu excretion levels and a significant main effect of 
inclusion level for Zn faecal level (P<0.001 for both Cu and Zn faecal levels) 
(Table 3.9). Copper excretion increased significantly with inclusion rate in the 
diet, and at the high inclusion rate was higher in pigs fed the sulphate as 
compared to the Bioplex
® form. Zn excretion also increased significantly with 
the level of Zn in the diet, without any difference between mineral forms. 
Comparing the three levels of Bioplex
® and the HS diet, treatments were 
significantly different for Cu and Zn excretion levels (P<0.001 for both Cu and 
Zn faecal levels) (Table 3.10). Copper and Zn excretion levels increased 
significantly with their inclusion in the diet; excretion of Cu was higher in HS 
than HB treatments, while excretion of Zn was similar.    
3.4.6.2 Mid-point collection 
On day 42 of the experiment (the mid-point collection), there was a main 
effect of inclusion level for Cu excretion (P<0.001) (Table 3.9). Excretion of 
Cu increased approximately 4 times with the dietary inclusion regardless of 
the source. There was a main effect of mineral form and inclusion level for Zn 
excretion (P=0.007 and <0.001, respectively) (Table 3.9). Excretion of Zn 
increased significantly with the addition of Zn in the diet and only at low 
dietary concentrations Zn excretion increased with the inclusion of Bioplex
®. 
Comparing the three levels of Bioplex
® and the HS diet, the excretion of Cu 
and Zn increased significantly with the level in the diet (P<0.001 for both Cu 
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3.4.6.3 Finishing period 
At the final faecal “grab” sample, on day 77 of the experiment, there was a 
main effect of inclusion level and mineral form for Cu levels (P<0.001 and 
P=0.005, respectively) (Table 3.9). Excretion of Cu increased approximately 
4.5 times with the increase from low to high inclusion level, and at the high 
inclusion level pigs fed Cu in the Bioplex
® form excreted more than those fed 
Vu in the sulphate form. There was an interaction between MF and IL for Zn 
excretion (P<0.001) (Table 3.9). At low dietary levels, the excretion of Zn was 
significantly lower in Bioplex
®-fed pigs while at high dietary levels the 
excretion was significantly higher compared to sulphate-fed pigs.  
 
Comparing Bioplex
® at the three levels used and the HS diet, the excretion of 
Cu and Zn was significantly influenced by the treatments (P<0.001 for both 
Cu and Zn) (Table 3.10). Copper and Zn excretion increased significantly 
with their addition in the diet, with Bioplex
®-fed pigs excreting more than 
those fed sulphates, at similar high levels.  
3.5 DISCUSSION 
3.5.1 Pig  performance 
Although pigs fed the HS diet had a better ADG in the growing period, there 
was no statistically significant difference between the experimental diets 
during the finishing phase and throughout the entire experimental period. It is 
interesting to note that during the growing phase, when the pig requirements 
for Cu and Zn are higher, pigs from the LB treatment ate less feed and were 
more efficient (lower FCR) than those from the LS treatment.   
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Data from this study showed that concentrations of 30 mg/kg Cu and 60 
mg/kg Zn maintained similar overall growth rates compared to the standard 
“high” sulphate diet containing 160 mg/kg of both Cu and Zn (P>0.005). As 
previously mentioned, in the growing phase there was an improvement in 
growth rate as the sulphate level in the diet increased, which was not the 
case as a greater amount of Bioplex
® was added to the diet. However, there 
was an overall superior FCR when Bioplex
® was included (P<0.012). 
   
The mineral requirements for pigs set by the NRC (1998) did not take into 
consideration the bioavailability of minerals, which has been recognised to be 
variable between inorganic sources and between these and chelates or 
proteinates, which may be higher. It has also been suggested that the 
mineral requirements for today’s rapidly-growing pig genotypes may be 
higher than current recommendations (Close, 2002), and that requirements 
to optimise immune function may be higher than the requirements for growth 
(Klasing, 2001; cited by van Heugten et al., 2003). Therefore, the published 
mineral requirements should be taken simply as a starting point to establish 
recommended allowances in pig diets, and more intense studies should be 
carried out with organic mineral sources to establish recommended 
standards for the modern pig genotypes.          
3.5.2 Carcass  and meat quality 
Although the supplementation of Cu in cattle diets reduced back fat 
deposition (Engle et al., 2000), in pigs, the results appear to be inconclusive. 
The addition of 250 mg/kg CuSO4 in the diet tended to decrease back fat 
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the final weight was 55.6 kg (Dove, 1992), and significantly reduced back fat 
thickness in finishing pigs at slaughter (P<0.05) (Kawas et al., 1996). The 
use of organic Cu (Bioplex
®) tended to increase back fat depth in finishing 
pigs when fed at 7, 20, 40 mg/kg Cu compared to similar levels in the 
inorganic form (Fremaut, 2003) or have no effect at 100 mg/kg compared 
with 20 or 200 mg/kg CuSO4 (Henman, 2001). 
 
In the present experiment, subcutaneous fat depth was not significantly 
affected by the treatments at any of the points measured, confirming 
Henman’s (2001) results where the same organic source was included in the 
diets as used in this study. However, and interestingly, when the proportions 
of carcasses in each treatment with less or more than 14 mm of back fat at 
the P2 site were considered, it was found that 34% of all carcasses with less 
than 14 mm back fat depth were from the LB treatment (Fig. 3.4, X
2= 0.003). 
This is of economic importance since the value of a pig at slaughter in 
Australia is partly determined by the depth of subcutaneous fat in the 
carcass. Less back fat improves the value of a carcass.     
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Figure 3.4. Distribution of carcasses according to back fat depth at the P2 site 
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On the basis of the results from the current experiment it is concluded that 
the quality of the meat, as assessed by drip loss, color and pH indices, from 
pigs fed Bioplex
® Cu and Zn was similar to that of pigs fed sulphates, at the 
levels studied. To my knowledge there is only one experiment published as 
an abstract on the effect of Cu supplementation in pigs on meat quality. The 
study included CuSO4 at 25 and 175 mg/kg and compared drip loss, colour 
stability and lipid oxidation to carcasses from pigs fed diets with no 
supplemental Cu. The authors concluded that CuSO4 supplementation did 
not have any negative effect on the parameters measured (Jensen et al., 
1998), which is in agreement with the results from the present experiment. 
3.5.3  Copper and Zn metabolism 
Mineral sources different to the dietary supply can affect significantly the 
mineral homeostasis in the pigs, as it was shown in experiment 1 of this 
thesis. In experiment 2, group pens with no galvanised bars were used in an 
effort to reduce the input of external mineral sources, however no digestibility 
coefficients were determined to know whether there were external sources 
for the minerals.  
      
Interactions between minerals should be taken into account in any mineral 
study. A high Zn supply can cause a deficiency in Cu and/or Fe owing to a 
competitive interaction among these elements for intestinal transport systems 
(Davis, 1980; Hill et al., 2001). Also, in pig diets supplemented with more 
than 120 mg/kg Cu, the Fe level in the diet should be increased to avoid Fe 
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(1988) (cited by Close, 2002) proposed that in pig diets containing 175 mg 
Cu/kg, the level of Fe should be 200 mg/kg diet. In the present experiment, 
according to the biochemical indices measured, none of these interactions 
was evident possibly because the levels of Cu and Zn in the diets were not 
high enough to induce these effects. The Fe content in the diets (150 mg/kg, 
supplied by the ingredients only) was sufficient to maintain a normal Fe 
status in the pigs.  
 
A higher relative bioavailability for the organic forms of Cu and Zn has been 
hypothesised, compared to inorganic forms, on the basis of greater mineral 
plasma concentrations (Hahn and Baker, 1993) and/or higher organ mineral 
stores in pigs (Apgar et al., 1995; Susaki et al., 1999), however an effect of 
the mineral form in the parameters mentioned has not always been 
demonstrated (Hill et al., 1986; Wedekind et al., 1994). Although assessment 
of pig mineral status is not the same as a bioavailability study, different 
biochemical indices were analysed in the pigs to see if there was an evident 
difference between mineral forms.  
 
Despite the recognised poor sensitivity of plasma Zn (it can be affected by 
stress, infection and physiological factors) (Hambidge, 2003), Wedekind et al. 
(1994) showed that plasma and bone Zn are appropriate indices of Zn 
requirements in growing and finishing pigs. In the case of Cu, plasma Cu 
(which also has poor sensitivity), ceruloplasmin and SOD are commonly used 
as biomarkers of Cu status in pigs; less common is erythrocyte Cu but it is 
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Settle, 1999). Kinetic modelling experiments in animals, which show how Zn 
metabolic compartments are used, have determined that liver, followed by 
pancreas, kidney and spleen are the most reactive tissues to dietary Zn 
supply (Cousins, 1996). Liver Cu is a sensitive indicator of suboptimal Cu 
status (Kehoe et al., 2000). 
 
In this study, blood mineral levels were maintained within the normal 
physiological range, even in the “low” treatments, while tissue storage was 
increased with the addition of Cu and Zn in the diet. Neither Cu nor Zn status 
in the pigs showed a difference between sulphates and proteinates, which is 
in agreement with previous studies (Wedekind et al., 1994; Cheng et al., 
1998). Although Apgar et al. (1995) found higher Cu concentration in liver of 
weanling pigs fed 200 mg/kg Cu lysine compared to those pigs fed sulphate, 
suggesting a different metabolism in liver between CuSO4 and Cu-Lysine, 
further research in the same laboratory with finishing pigs showed no 
differences in either absorption or retention between the two sources when 
fed at 200 mg/kg (Apgar and Kornegay, 1996). The inconsistency in the 
response of pigs to organic mineral supplementation could be explained by 
several factors like age (young pigs seem to absorb more Cu than do older 
pigs; Apgar and Kornegay, 1996), initial mineral status of the pigs and 
content of mineral antagonists in the diet such as Cu, Zn, Fe (Jondreville and 
Revy, 2003). It is also important to note the poor sensitivity of some of the 
indicators of mineral status measured in the present experiment (ie, plasma 
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bioavailability of Bioplex
® Cu and Zn without doing bioavailability studies and 
including more sensitive biomarkers.  
 
The protein metallothionein (MT) was of interest in this study because it 
appears to respond differently to organic and inorganic forms of Zn in the 
enterocytes (Carlson et al., 1997). Metallothionein is known to be involved in 
the regulation of Zn metabolism (Bremner, 1991; Davis and Cousins, 2000), 
with the MT content in intestine influenced by dietary Zn supply. MT also 
sequesters Zn, preventing toxic levels of the metal entering the circulation 
(Bremner, 1991). The MT in liver accounts for 80% of hepatic Cu (Bremner, 
1991). The MT concentration in liver was influenced predominately by the 
dietary level of Zn and Cu, as expected. The MT concentration in enterocytes 
was also influenced by the mineral inclusion in the diet, while a difference 
between mineral forms was not evident. This is opposite to Carlson et al. 
(1997) who reported lower MT contents in intestinal mucosal cells from pigs 
fed a basal diet supplemented with 250 mg/kg Zn-methionine or Zn amino 
acid complex compared to those fed a basal diet or a diet supplemented with 
3000 mg/kg ZnO. They suggested a different MT response to organic and 
inorganic Zn sources. However, dietary levels in my study were lower than 
those used in the study of Carlson et al. (1997), hence intestinal MT levels 
were around 10-µg/g tissue vs. 64 µg/g tissue in the work of Carlson et al. 
(1997).   
 
In rats, intestinal MT levels decline after high Zn diets are fed for several 
weeks, indicating that other regulatory mechanism take over (Reeves et al., 
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(1997) MT levels in intestine were measured after 20 days of Zn 
supplementation. Since the pigs in my present study were fed high levels of 
Cu and Zn for 13 weeks (from 25 to 107 kg LW) and the concentration of MT 
was measured in samples obtained at slaughter, the length of 
supplementation could have affected the response of intestinal MT. 
Therefore it could have been useful to slaughter some pigs at different ages 
to see the response of MT to extended supplementation of inorganic and 
organic sources, and confirm or deny the different metabolism between 
organic and inorganic forms involving MT.  
3.5.4  Faecal mineral concentrations 
In the present experiment, total levels of 30 mg/kg Cu and 60 mg/kg Zn, 
regardless of the source, significantly reduced faecal mineral excretion by 
approximately 5-fold for Cu and 2.5-fold for Zn compared to a standard diet 
containing 160 mg/kg of both Cu and Zn, without compromising pig growth. 
According to Commission Regulation No. 1334/2003 which currently applies 
in the European Union, the maximum mineral contents authorised in diets for 
growing/finishing pigs is 25 mg/kg total Cu and 150 mg/kg total Zn. Although 
in average the Cu concentration in the low diets of this experiment was 
slightly higher than the maximum levels allowed in the European Union (30 
mg/kg  vs. 25 mg/kg), some of the diets (grower) had a Cu concentration 
below the recommendations and are considered to comply with the 
Regulation. Total levels of Zn are considerably lower than the maximum 
concentrations established in the Commission Regulation.  
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Results from this experiment are supported by other studies with this 
particular organic form of Cu and Zn (Bioplex
®), where reduction in excretion 
has been achieved by including this organic form at lower levels than the 
inorganic form without affecting performance. Smits and Henman (2000) 
showed an approximate 4-fold reduction in Cu excretion by using Bioplex
® 
Cu at 40-50 mg/kg instead of CuSO4 at 150-250 mg/kg while maintaining pig 
performance in growing/finishing pigs. In the case of Zn, a 5-fold reduction in 
faecal levels was achieved when feeding 250 mg/kg Bioplex
® Zn instead of 
2000-3000 mg/kg ZnO in weanling pigs (Mullan et al. 2002).  
 
Similar results have been reported using inorganic mineral sources. In 
finishing pigs the concentration of Cu in faecal material decreased 6.7 times 
when the level in the diet was reduced from 218 mg/kg to 32 mg/kg, with no 
difference in growth rate (Apgar and Kornegay, 1996). A significant reduction 
of 3.8-fold in the excretion of Zn was also reported by Adeola et al. (1995) 
when feeding weanling pigs a basal diet containing 23 mg/kg of Zn instead of 
a diet supplemented with 100 mg/kg ZnSO4. There was not a significant 
difference in weight gain.  
 
Comparing similar dietary levels of the two mineral forms, the amount of Cu 
and Zn excreted was mainly determined by the dietary concentration, which 
has also been observed in studies with weanling pigs (Apgar and Kornegay, 
1996; Ahn et al., 1998; Case and Carlson, 2002; Carlson et al., 2004). In 
contrast, Veum et al. (2004), although did not use similar levels of Cu across 
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weaner pigs fed Bioplex
® Cu at 50 or 100 mg/kg compared to CuSO4 at 250 
mg/kg. Interestingly, in the present experiment, in the finishing period 
collection, and at “low” dietary inclusion levels (30 mg/kg Cu and 60 mg/kg 
Zn, respectively), the excretion of Zn in faeces was significantly lower when 
Bioplex
® was fed compared to the sulphates, while at high inclusion levels 
the effect was opposite. However, all tissue levels for Zn were similar 
between LS and LB, except for plasma Zn in the finishing phase sampling 
when concentration in LB-fed pigs was lower than in pigs fed LS, yet far less 
Zn from the LB treatment was excreted. Therefore more Bioplex
® Zn than 
sulphate Zn was needed to be absorbed to achieve similar tissue levels, 
which is an observation worth investigating further by means of balance 
studies where excretion can be measured for a few days.    
3.6 CONCLUSIONS 
In conclusion, total dietary levels of 30 mg/kg Cu and 60 mg/kg Zn reduced 
significantly the excretion of Cu and Zn via faeces by approximately 50 and 
80%, respectively, compared to a diet containing 160 mg/kg of both Cu and 
Zn in growing/finishing pigs. Although the mineral form effect on the excretion 
of Cu and Zn was not consistent between different collections, the excretion 
of Zn was further reduced by 41% in the finishing phase when Bioplex
® was 
included instead of the sulphate at low levels suggesting a mineral form 
effect. Levels of 30 mg/kg Cu and 60 mg/kg Zn also maintained growth rate 
and mineral homeostasis in the pigs compared to the diets containing 160 
mg/kg of both Cu and Zn, under the conditions of this experiment. Meat 
quality (ie, drip loss, color and pH) as well as carcass quality were similar 
between Bioplex
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proportion of carcasses with less than 14 mm backfat at the P2 site from LB-
fed pigs compared to carcasses from the other treatments.  
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  CHAPTER 4: General Discussion 
The general hypothesis tested in this thesis was that concentrations of Cu 
and Zn in faecal material would be reduced when fed in an organic (Bioplex
®) 
form instead of an inorganic form (sulphate) without compromising 
performance or mineral homeostasis in growing/finishing pigs, because the 
organic forms of Cu and Zn are more available to the pig. To test this 
hypothesis two experiments were performed. 
 
The hypothesis tested in Experiment 1 was that the inclusion of Cu and Zn in 
the Bioplex
® form will have a beneficial impact on pig performance, mineral 
status and faecal excretion of Cu and Zn compared to pigs fed sulphate 
forms at similar levels. This hypothesis was supported for pig performance at 
low levels of inclusion only. Growth rate was similarly improved by the LB 
(Low Bioplex
®) and HS (High Sulphate) treatments, leading to a significantly 
higher final live weight and carcass weight in pigs from these treatments 
(Table 2.6). There was a significant beneficial effect of Bioplex
® inclusion on 
FCR during the finishing period.  
 
Mineral homeostasis in the pigs, as assessed by Cu and Zn levels in plasma, 
liver, kidney and pancreas and only Zn in bone, was not different between 
organic and inorganic mineral sources (Table 2.7). However there were 
significant interactions between mineral form and inclusion level for Zn in 
plasma on day 14 of the experiment, with LB and HS levels significantly 
lower than those in LS- (Low Sulphate) and HB- (High Bioplex
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similar trend was observed in the concentration of Zn in bone. There was 
also an interaction for pancreas Zn with an opposite trend, where levels were 
significantly higher in LB- and HS- fed pigs compared to those fed LS or HB.   
 
In this experiment, very low or negative apparent digestibility coefficients for 
Zn in pigs from LB and HS treatments (Table 2.7) might suggest that the 
mineral input from external sources other than the diet (eg, galvanised bars 
in pens) could have been considerable and could have altered mineral 
homeostasis in the pigs from those treatments and might explain the 
interactions observed between mineral form and inclusion level for Cu and Zn 
concentrations in plasma and tissues. Moreover, the higher concentration of 
Zn in the pancreas from LB and HS treatments might reflect its role in 
homeostasis serving to lower the retention of excess absorbed Zn (Cousins, 
1985). The contribution of pancreatic excretion to endogenous Zn output 
appears to be more considerable than biliary secretions in pigs (Cousins, 
1985). This homeostatic mechanism might explain the low Zn levels in 
plasma and bone in LB- and HS-fed pigs.  The possible disturbance in the 
mineral homeostasis of pigs from LB and HS treatments by external mineral 
sources might have also influenced the performance of these pigs.   
 
Copper and Zn concentrations in faeces reflected their inclusion in the diet 
but were independent of the mineral form (Table 2.7), which is supported by 
studies with different organic sources in weanling pigs (Apgar and Kornegay 
1996; Ahn et al., 1998; Case and Carlson, 2002; Carlson et al., 2004). It is 
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was in excess of nutritional requirements, and hence regardless of the form 
in which they were fed the majority was excreted. 
 
In conclusion, the results from Experiment 1 showed that total dietary levels 
of 71 mg/kg Cu and 80 mg/kg Zn in the Bioplex
® form improved pig 
performance over the inclusion of sulphates at similar levels. However, the 
mineral form did not affect excretion of Cu and Zn in faeces at any of the 
levels examined. 
 
Since pigs fed Bioplex
® grew faster than those fed sulphate at low levels, but 
without any difference in mineral excretion, I hypothesised that if levels of 
inclusion of Cu and Zn in the diet were closer to pig requirements, then 
differences in the excretion of Cu and Zn between the organic and the 
inorganic forms could occur. Therefore, the hypothesis tested in Experiment 
2 was that the concentration of Cu and Zn in faeces will be significantly 
reduced when included in the form of Bioplex
® compared to the sulphates at 
levels closer to pig requirements, without compromising performance or 
mineral status of the pigs, because of the higher availability of the organic 
forms.  
 
The initial design for Experiment 2 included three levels of Cu and Zn (low, 
medium, high) in two mineral forms (sulphate, Bioplex
®  as
  proteinate) (6 
treatments) (Table 3.1). Unfortunately the Medium Sulphate (MS) grower diet 
became contaminated with Zn during manufacture (356 mg/kg instead of the 
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exclusion of this treatment from study once the dietary levels of Zn were 
analysed. The data were then analysed in two ways. First, data were 
analysed comparing low vs. high levels of Cu and Zn in the two mineral forms 
and second, the data were analysed comparing low, medium and high 
Bioplex
® vs. the High Sulphate diet (standard diet).      
 
Data from Experiment 2 showed that the Cu and Zn concentrations in faeces 
were mostly determined by their level of inclusion in the diet regardless of the 
mineral form (Table 3.9), which has been the conclusion of some studies in 
weanling pigs (Apgar and Kornegay 1996; Ahn et al., 1998; Carlson, 2002; 
Carlson et al., 2004) and agree with Experiment 1 findings. However, during 
the finishing phase and at low levels of inclusion Bioplex
® reduced the 
excretion of Zn while at high levels the effect was opposite (Table 3.9). 
Considering that Zn tissue levels in pigs from LS and LB treatments were 
similar and faecal concentration was less in LB-fed pigs, more Bioplex
® Zn 
than sulphate Zn was needed to be absorbed to achieve similar tissue levels 
and it is an observation that warrants further investigation by means of 
balance studies.  
 
Copper and Zn mineral homeostasis in pigs was maintained within normal 
physiological ranges, without any evident signs of deficiency or mineral 
interactions at the levels of inclusion studied. Differences in blood biomarkers 
of Cu and Zn or in tissue levels between mineral forms, which have been 
used by several authors to determine bioavailability of mineral sources, were 
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Wedekind et al. (1994), who concluded that organic and inorganic forms of 
Zn have similar bioavailability. Other studies, however, have shown different 
mineral utilisation by pigs when inorganic forms have been replaced by 
organic sources, showing increased mineral levels in plasma and/or tissues 
in favour of the organic sources in weanling (Hahn and Baker, 1993; Apgar et 
al., 1995; Schiavon et al., 2000) and growing pigs (Susaki et al. 1999). On 
the basis of the results from Experiment 2, a different mineral utilisation of Cu 
and Zn by pigs between Cu and Zn sulphates and Bioplex
® minerals was not 
evident, however, it is not possible to make a definite conclusion on their 
bioavailability without doing a proper study where breakpoints of mineral 
supplementation on absorption can be accurately estimated (Wedekind et al., 
1994; Poulsen and Larsen, 1995).  
 
Differences in bioavailability between studies can be attributed to factors 
such as age of the pigs and environment but also to aspects associated with 
the diet such as variability of the chemical characteristics of the metal organic 
complexes, content of other minerals that can antagonise each other (Cu, Zn, 
Fe, Ca) and/or the phytate-P content, which is known to have the highest 
binding affinity for Cu and Zn and reduces their absorption (Adeola et al., 
1995). Wedekind et al (1994) found higher bioavailability for Zn-methionine 
compared to ZnSO4 in chickens but not in pigs, which they suggested could 
be ascribed to higher concentrations of phytate and Ca in chickens diets than 
in pig diets. Hence, the higher bioavailability of organic mineral forms has 
been attributed to their better protection against forming insoluble complexes 
with phytate and also less antagonism with other minerals (Ashmead, 1993).  Chapter 4: General Discussion  148
 
Apparently the effect of the treatments on mineral tissue and plasma levels 
between Experiment 1 and 2 was different. However, other influences, rather 
than a dietary effect, probably caused the differences. For example the use 
of group pens with no galvanised bars, in Experiment 2, limited the Zn intake 
to that present in the diet, which was not the case in Experiment 1, 
 
Performance data from Experiment 2 showed that although pigs fed diet HS 
in the growing period had higher growth rates than pigs from the other 
treatments, pigs fed low levels (diets LB and LS) of Cu and Zn performed 
equally to pigs fed high levels (diets HB and HS), and with no difference 
between mineral sources, over the entire growing/finishing period (Table 3.5). 
This similarity in growth supports the notion of a reduction in dietary levels of 
Cu and Zn from 160mg/kg to 30 mg/kg Cu and 60 mg/kg Zn. The inclusion of 
Bioplex
® improved FCR during the whole experimental period, which might 
be due to an improved nutrient digestibility or the supply of proteinates by 
these organic forms of Cu and Zn. This effect was also observed in 
Experiment 1.  
 
In conclusion, results from the experiments performed in this thesis regarding 
Cu and Zn faecal levels as affected by the mineral form in the diet were 
variable, and therefore definite conclusions cannot be made until more 
controlled balance studies are performed. Nevertheless, total Cu and Zn 
levels in growing/finishing pig diets could be reduced from 160 mg/kg of both 
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Bioplex
®  form, without negatively affecting performance or mineral 
homeostasis in the pigs and significantly reducing Cu and Zn excretion 
(between 50 and 80%). The advantage of including Bioplex
® instead of 
sulphates was in the improvement in FCR which might justify its use from an 
economical perspective. 
 
Although in average dietary levels of Cu were slightly higher (30 mg/kg) than 
the maximum current recommendations in Europe (25 mg/kg), the Cu levels 
in the grower diets were lower (21 mg/kg) and comply with the regulations 
currently in place in the European Union on maximum mineral concentration 
in diets for pigs of this weight. The concentration of Zn in all diets also 
complies with the European Union regulations (150 mg/kg). The level of Zn 
concurs with NRC (1998) recommendations, unlike the level of Cu, which is 
in excess. However Zn requirements to optimise immune function may be 
higher than the requirements for growth (Klasing, 2001; cited by van 
Heugten,  et al., 2003), which was not considered in the establishment of 
mineral requirements by NRC (1998). It is then necessary to review mineral 
requirements including maximisation of the immune function for new pig 
genotypes under different environments.  
 
Other important components of this thesis which arose from results of 
Experiment 1 and tested in Experiment 2 were the assessment of carcass 
and meat quality in response to different forms and levels of Cu and Zn. 
Although positive results were found in Experiment 1, where Bioplex
® 
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were made using CuSO4 at 250 mg/kg in growing pigs (Dove, 1992; Kawas 
et al. 1996), no effect of mineral form on subcutaneous fat measured at 
several points along the carcass was evident in Experiment 2. These results 
showed that neither the mineral form nor the inclusion level of Cu and Zn had 
an influence on subcutaneous fat depth, which agrees with results from 
Henman (2001) where Bioplex
® Cu was included at 100 mg/kg. However 
there was a significantly higher proportion of carcasses with less than 14 mm 
of back fat thickness at the P2 site from the LB treatment (34%) compared to 
less than 22% of carcasses from each of the other treatments (X
2= 0.003). 
The discrepancy between Experiments 1 and 2 regarding the effect of Cu 
and Zn on the thickness of subcutaneous fat is difficult to explain since 
factors that affect fat deposition in pigs such as genotype, season, gender, 
and energy and composition of the diet were very similar between 
experiments. To my knowledge, this was the first time that the effect of 
Bioplex
® Cu and Zn on meat quality has been assessed, and results support 
its inclusion in growing/finishing pigs from this point of view.  
 
A further purpose of Experiment 2 was to examine levels of the protein 
metallothionein (MT) in intestinal mucosal cells in response to dietary 
treatments. This is because MT, apart from being a key regulator of Zn 
absorption, seems to respond differently to organic and inorganic forms of 
Zn. Significantly higher MT concentrations in the duodenum of pigs fed ZnO 
compared to pigs fed Zn-methionine or a Zn-amino-acid complex were 
observed by Carlson et al. (1997). In contrast, MT content in the duodenum 
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independent of the mineral form in the diet. However, mineral levels in the 
diet were lower and dietary intervention was for longer than in the study of 
Carlson et al. (1997), which might have diminished the response.  
 
On the basis of my results achieved in this thesis, I think that further research 
that should be considered in this field includes: 
 
•  Re-definition of mineral requirements for inorganic, and greater 
definition of mineral requirements for organic mineral forms, with 
respect to new pig genotypes by developing mathematical models 
where variables such as gender, environmental factors and 
maximisation of the immune function are considered. Recently, 
scientists have found that Zn at high levels (264 mg/kg total dietary 
Zn) enhance particularly macrophage function in weanling pigs (van 
Heugten et al., 2003). Studies investigating immune function related to 
mineral requirements warrant further research. 
• Examining  Bioplex
® Cu and Zn binding strength and also solubility at 
different levels of pH simulating gastric and duodenal digestion in vitro 
to test the hypothesis of higher mineral solubility when organic forms 
are used due to less binding of the minerals to insoluble dietary 
compounds (ie, phytate). 
•  Estimating the bioavailability of Bioplex
® Cu and Bioplex
® Zn in 
weanling and growing/finishing pigs by means of balance studies or 
experiments measuring whole-body mineral stores. Chapter 4: General Discussion  152
•  Studying the effect of different levels of phytate and Ca in practical 
diets for pigs when Bioplex
® Cu and Zn are fed, to recommend the use 
of these organic sources in specific diets.  
•  Defining optimal molar ratios of Cu:Zn:Fe in pig diets that minimise 
negative mineral interactions. Ratios of 1:1:1 reduced mineral 
interactions in vitro (Arredondo et al., 2005). 
•  Considering the measurement of more novel sensitive biomarkers of 
Cu and Zn status that provide accurate estimation of mineral nutrition 
(ie, cytochrome c oxidase). Commonly used biomarkers (ie, plasma 
Cu and Zn) lack the sensitivity needed to detect marginal deficiency, 
and since the purpose of future studies is to reduce to a minimum the 
mineral inclusion in diets for pigs because of environmental pollution 
from manure, more sensitive biomarkers of Cu and Zn status would 
help to detect deficiencies. 
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